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1. INTRODUCTION, CONTEXT/SCOPE AND REFERENCE DOCUMENTS

The Moderate Resolution Imaging Spectroradiometer (MODIS) is a passive, imaging
spectroradiometer carrying 490 detectors, arranged in 36 spectral bands that are sampled acrossthe
visible and infrared spectrum. It isa high signal-to-noise instrument designed to satisfy adiverse
set of oceanographic, terrestrial and atmospheric science observational needs. The MODIS
Characterization Support Team (MCST), working under the direction of the MODIS Team Leader,
isresponsible for developing the characterization and calibration of the MODIS instruments. This
document describes the theoretical basis for the approach used to calibrate the instrument data
stored inthe MODIS Level 1B (MODO2) product.

The MODIS Level 1B agorithm describes how the data products are derived from the sensor
digital number stream (Level 1A data). This Algorithm Theoretical Basis Document (ATBD)
describes the algorithm, and thus defines the function of the software code that creates the Level

1B product. The characteristics of the algorithm to produce the top-of-the-atmosphere (at-sensor-
aperture) radiance and reflectance products are determined by the components of the sensor design.
The format of the document is:

Section 1. Introduction, Context/Scope and Reference Documents
1.1 Statement of Document Scope
1.2 The MOD-02 Data Product and its Role in MODI S Data Processing
1.3 Relevant Documents
Section 2. Overview and Background Information
2.1 Experimenta Objective
2.2 Historical Perspective
2.3 Instrument Characteristics
2.3.1 On-board Calibrators Characteristics
2.4 Cdlibration Timeline
2.4.1 Initial On-Orbit Phase
2.4.2 Early On-orbit (Activation and Evaluation, A & E) Phase
2.4.3 Operational Phase
Section 3. Algorithm Description
3.1 Reflected Solar Bands
3.1.1 Physics of Problem
3.1.2 Mathematica Description of Algorithm
3.1.2.1 Effective Digital Counts and the Radiance Calculation
3.1.2.2 Reflectance Calculation
3.1.3 Uncertainty Estimates
3.2 Emissive Infrared Bands
3.2.1 Basic Linear Measurement Equations
3.2.1.1 The Master Curve Premise and Quadratic Calibration
Equation
3.2.1.2 Conversion from MODIS Counts to Detector Preamplifier
Output Voltage
3.2.1.3 The Calibration Transfer
3.2.1.4 Summary of the Calibration Parameters
3.2.2 Uncertainty Analsis
3.2.3 Constraints Limitations and Assumptions
3.2.3.1 Instrument Spurious Source Corrections
3.3 Practical Considerations
3.3.1 Programming Considerations
3.3.2 Quality Control and Diagnostics
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3.3.3 Exception Handling
3.3.4 Output Product
Section 4. Offline Analysis Contribution, Vicarious Calibration, Monitoring/Trending, and
Constraints
4.1 Vicarious Calibration
4.1.1 Vicarious Calibration and the MCST Strategy
Section 5. Appendix A:  Peer Review Board Acceptance Report
Section 6. Appendix B:  MODIS Spectral Bands Specification
Section 7. Appendix C.  Key MODIS Requirements
Section 8. Appendix D:  Acronyms and Abbreviations
Section 9. Appendix E  References
Section 10.  Appendix F  Leve 1B Output File Specification
Section11. Appendix G:  Spurious Radiance Contribution Sources Summary

1.1 Statement of Document Scope

This document describes the physical and engineering understanding of how MODIS will operate
in space and it provides the equations implemented by the L 1B software that, in turn, generates the
MODIS MOD-02 data product. Itisasummary document that presents the formulae and error
budgets used to transform MODI S digital counts to radiance and reflectance. This document also
describes the MODI S calibration and validation process. This document provides references to
documents containing more complete derivations of results and to documents that explain the
implementation of these algorithms as computer programs. ThisATBD corresponds to the Version
2.0 software release.

At the time of development of this Version, analysis of the Engineering Model (EM) data has been
completed. Thermal Vacuum testing of the Protoflight Model (PFM) that will go to orbit on the
AM-1 spacecraft has not been completed and the data from those tests have not been analyzed and
interpreted. Consequently, thisVersion is based on the (EM) instrument which in some aspects
may be significantly different from the actual on-orbit sensor. In the context of this document, the
MCST makes no distinction between instances where the EM testing and characterization was
inconclusive to define sensor performance, and instances where the EM and PFM models perform
differently.

An improved version of the Level 1B software, corresponding to an improved understanding of
likely PFM performance on-orbit, will be devel oped and operated within the Compute Resources
of MCST (CROM). Thisversion will be improved immediately after launch as warranted, and
used to produce Level 1B products for the early investigations of the Science Team. At thetime
that a high quality Level 1B product is available from the revised code, aVersion 2.1 software
delivery will be provided to the PGS through the MODI S Science Data Support Team (SDST).
The MODIS Level 1B (MODO02) Data Product Specification is provided in Appendix F.

Data flow diagrams, program modules, and metadata are described fully in the MODIS Level 1B
Software Design Document [Hopkins et al.1995b]. Summary data flow diagrams are provided for
the Reflected Solar and Emissive infrared bands algorithms in Sections 3.1 and 3.2 of this
document. Solar and lunar vector information from the MODIS Geolocation product is assumed
within the L1B algorithm; a separate ATBD exists for the MODI S geol ocation algorithms [Wolfe et
al., 1995].

The basic strategy for making improvements to the product corresponds to improved

understanding of the sensor performance. The contributions to this process expected from
vicarious calibration is discussed in section 2.4. Specific instances where there is uncertainty
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regarding sensor performance are reviewed in section 4. These are areas that MCST will watch
carefully during the PFM thermal vacuum test data analysis.

1.2 The MOD-02 Data Product and its Rolein MODI S Data Processing

The MOD-02 calibration data product results from the application of the formula and determination
of corresponding uncertainties described in this document and the accompanying support
documents. The support documents present the details of how the instrument data are transformed
from counts to:

(1) effectivedigital numbers, DN*, radiances, and reflectance times cosine
theta values, for the solar reflecting bands,

(2) radiances for the emissive bands,

(3) changes from prelaunch calibration of center wavelengths for the solar
reflecting bands,

(4) relative spatial shifts of the pixels along scan and the bands along track.

Items (1) and (2) are the focus of this document and al so the focus of the on line production
processing efforts. They will be produced at the DAAC for all MODIS data. Items (3) and
(4) are done off-line from the production processing. They will be produced with the
CROM.

1.3 Relevant Documents

The parent documents of this document are [EOS, 1994] and [ Salomonson, 1994]. Previous
relevant publications include [Guenther et al., 1995], [King, 1994], [Weber, 1993], [SBRC,
1993], and [SBRC, 19944]. Other applicable documents are listed in Appendix E.

2. OVERVIEW AND BACKGROUND INFORMATION

2.1 Experimental Objective

MODIS isthe cornerstone instrument for the AM-1 spacecraft. The AM-1 spacecraft is scheduled
to be launched in June 1998 into a 10:30 AM (descending node) orbit.

The near-daily coverage of MODIS, combined with its continuous operation, broad spectral
coverage and relatively high spatial resolution, make the MODI S instrument central to the objective
of EOS. MODIS data products will be provided by the MODIS Science Team in support of the
Earth science community at large and the interdisciplinary investigators, aswell MODI'S Science
Team members own investigations. MODI 'S observations and data products will be applied to
many of the areas identified as EOS science topics, such as:

Land surface composition

Land surface biological activity, phonology and physical state
Surface temperature

Snow and sea-ice extent and character

Ocean and lake physics and biogeochemica activity

Aerosol properties

Cloud properties.

R T I
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The data telemetered to the ground is 12 bits per pixel for al science on-board calibrators data.
Half the orbitisin “day” mode, and half isin “night” mode. Day modeincludesall 36 bands;
night mode includes only bands 20 through 36. Datafrom all the on-board calibrators aways are
included in the telemetry stream.

2.2 Historical Perspective

MODIS s designed to continue observations for global climate change similar to thoseinitiated
with the Coastal Zone Color Scanner (CZCS), the Advance Very High Resolution Radiometer
(AVHRR), the High Resolution Infrared Spectrometer (HIRS) and the Thematic Mapper (TM).
Additional featuresthat have been incorporated in the sensor include athin-cirrus cloud detection
channel, low gain bands to allow for surface-fire detection and high gain bands for ocean
chlorophyll fluorescence-line height discrimination. Many of the MODI S science data products
rely heavily on previous devel opment from the precursor instruments.

2.3 Instrument Characteristics

MODIS has 36 spectral bands with center wavel engths ranging from 0.41 um to 14.23 um; these
arelisted in Appendix B, and they are depicted in Figure 1. The detector numbering conventionin
Figure 1 corresponds to that used by the instrument builder. 20 bands have a central wavelength

below 2.2 mm and are known as reflected solar bands. The remaining 16 bands with a center

wavelength greater than 3mm are known as emissive infrared bands. Two of the bands are imaged
at anomina resolution of 250m at nadir, five bands are imaged at 500m at nadir, and the remaining
bands are imaged at 1000m at nadir. Bands 13 and 14 each have two gain settings, 13 low, 13
high, 14 low, and 14 high, telemetered from the instrument. All bands are telemetered at 12 bits.
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Figure 1. Focal Plane Assembly

Bands 13 and 14 are time-delay-integration (TDI) bands. Thelow gain values for these bands
results from the telemetry reading from a single frame. The high gain values for these bands
results from the sum on-board from adjacent detectors pairs for each channel in each band.

Scene radiant flux reflects from the double sided, beryllium scan mirror, that is continuously
rotating at 20.3 rpm with a period maintained to 0.001 sec so as to control scan to scan underlap.
The mirror is oval shaped, 21 cm wide (the axis of rotation) and 58 cm long; it is nickel plated and
coated with silver (S O,) for high reflectance and low scatter over the broad spectral range of the

sensor and low polarization for center wavelengths below 1 mm. The reflectivity of the scan mirror
isafunction of the angle of incidence (AOI) of the scene energy onto the scan mirror.

Energy from the scan mirror impinges upon the afocal telescope assembly fold mirror and reflects
into a plane perpendicular to the scan plane. The energy then strikes the primary mirror (the
entrance pupil), goes through afield stop and then onto the secondary mirror. The mirrors are
made of Zero-Dur low expansion substrates with protected silver coatings. The individual mirror
elements are mounted onto a graphite-epoxy structure to maintain alignment of the elements.
Immediately after the secondary mirror isadichroic beamsplitter assembly (consisting of three
beamsplitters) that directs the energy through four refractive objective assemblies and then onto the
four focal plane assemblies (FPAS) with their individual bandpassfilters.

The beamsplitters are used to achieve spectral separation, dividing the MODIS spectral domain into
four spectral regions: visible (V1S) (0.4 to 0.6 um), near infrared (NIR) (0.6 to 1.0 um), short
wavelength/medium wavelength infrared (SWIR/MWIR) (1.0 to 6 um), and long wavelength
infrared (LWIR) (6.0 to 14.5um). Dichroic 1 uses aZnSe substrate and reflects the entire VIS,
NIR region while transmitting the balance of the scene energy to 14. 5um. Dichroic 2 uses a BK-
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7 substrate and reflects energy to the bands between 0.4 um and 0.6 um. Dichroic 3 al'so usesa
ZnSe substrate and reflects energy to bands between 1 umand 6 um. Out-of-spectral-band
rgjection is accomplished through blocking filters on both bandpass filters and dichroic .

Spectral separation occurs at the FPAs with dielectric bandpass filters for each band. Thesefilters
are deposited on glass substrates; in some cases bandpass filters for two bands are deposited on a
single substrate. The filter substrates are mounted to a common substrate mask, one per FPA.
The mask provides some spectral out-of-band blocking as well as masking for the field-of-view of
the detectors.

Low residual polarization sensitivity is required for bands between 0.43um and 2.2 um. The
requirement for less than 2% polarization from 0.43 umto 2.2 umis achieved by using silver
coated scan and fold mirrors oriented in acrossed way. Low residual polarization sensitivity for
the 0.41 umband is desired also, but is not included in the sensor specification.

Each spectral region has an objective lens assembly for imaging scene energy onto the
corresponding focal plane. On each focal plane are rows of detectors aligned in the aong track
direction so asto image 10 km in the track direction of the scene. Consequently there are 10
detectors along track in the 1000 m bands, 20 detectors aong track in the 500 m bands, and 40

in the 250 m bands. The sampling rate and mirror rotation are coordinated to provide samplesin
the along scan direction that are contiguous. Both sides of the rotating scan mirror are used. The
composite of al 36 bands coregistered to build the equivalent of a 1X10 km field of view is
identified as asingle frame. The sensor e ectronics holds bands in its buffer, and provides an
output that already has the overlapping bands for the field of view stored together in the data
pockets.

The VIS and NIR FPAs operate at ambient temperature and are composed of photovoltaic silicon
hybrids for low noise readout and excellent electrical transient response performance. A HgCdTe
photovoltaic hybrid detector are used for the SWIR/MWIR bands out to 10 um and on the LWIR
FPAs. The LWIR FPA includes six bands of photoconductive HgCdTe detectors for wavelengths
beyond 10um because these offer better performance at 83K in thisregion.

The passive radiative cooler assembly is designed to passively cool the SWIR/'MWIR and LWIR
focal planesto anominal operating temperature of 83K and an end-of-mission temperature of 85K.
The cooler requiresa 170 by 115 degree clear field of view to space and employs three stages of
cooling to achieve the at launch operating temperature of 83K. A 4K margin allows for potential
degradation over the mission life and temperature control. The cold stage assembly houses the
SWIR/MWIR and LWIR foca plane assemblies. The intermediate cooler window will operate at
approximately 130K on orbit.

Thereisan analog signal processing electronics unit that provides the primary clocks and an
analog-to-digital conversion electronics unit to provide bias voltages for all the photovoltaic
detectors, preamplification of the LWIR photoconductive detectors, and conversion of the analog
signalsto 12 bit digital signals.

Asthe MODIS mirror scans, energy from severa On-Board Calibrators (OBC) isreflected into the
telescope (see Figure 2). Asthe scan mirror rotates, the following events occur (see Figure 3a):
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On-Board Calibrators in MODIS Scan Cavity

Solar Diffuser (SD) Spectro-Radiometric
Calibration Assembly (SRCA)

Solar Diffuser Stability
Monitor (SDSM
onitor ( ) \ V-Groove Blackbody (BB)

e

Primary Mirror L

Scan Mirror

Spaceview (SV)

Fold Mirror

Figure 2: MODIS views a sequence of On-Board Calibrators.

(1) The mirror scansthe SD, (2) The mirror scans the SRCA, (3) The mirror

scans the BB, (4) The mirror scans the SV port, and (5) The mirror scans the

EV port. The data corresponding to measurements from the SD, the SRCA, the BB,
the SV and the EV areidentified individually as data sectors

Sector # Frames # Frames used in the Angle of Incidence of Light
Available L1B Code onto Scan Mirror for each
Sector
(degr ees)
SD 50 the central 15 50.9-49.6
SRCA 10 10 38.4-38.1
BB 50 the central 15 27.3-26.6
SV 50 the central 15 11.6-10.9
EV 1354 1354 10.5-65.5

The order of the sectors described above isthe order of the datain the Level O data stream and is
the order of the scan mirror viewing. Thetargetsfor the SV and the EV arein the far field of the
sensor and arein focus. The targets for the SD, SRCA, and the BB are in the near field and will
be out of focus. The specific frames from a scan line which comprise the sector for each of the
five targets may be atered by operational commands, changing either the entire (global) sector
locations or the individual sector locations.
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SD SRCA
-176.59
-152.50
OnBoard
BB
-152.50
SV Port
-990
Earth Scan
Stop (East) Earth Scan
550 Start (West)
Lab SIS100 -550
in T/V Lab BB
450 y -450
NADIR
00

Figure 3a: As the MODIS Scan Mirror rotates, each side scans the Solar Diffuser, the
Spectro-Radiometric Calibration Assembly, the blackbody, Space-and the Earth. The
location of the primary ground calibration sources, in primary scan angle, also is
shown.
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(' SCAN MIRROR )

Figure 3b: The angle of incidence on the scan mirror which corresponds to each of the
observed elements from Figure 3a is shown.

The ground track direction is designated as the +x direction in instrument coordinate system; in the
ground projection looking in the +x direction, the scan (which takes 0.45sec) moves from right to
left orthogonal to the track direction. A swath (also known as a scan line) is 2200 km long, at
nadir 10 kmwide. A swath contains 1354 frames per scan; aframe contains ten 1km IFOVsin the
track direction. MODIS s apaddle wheel scanner which has abowtie characteristic at the scan
edges, where the projection of the frame onto the earth enlarges to 3km by 20km with arotated
field of view.

The 250m bands (bands 1 & 2) have detector sizes that correspond to an Instantaneous Field of
View (IFOV) of 250 m by 250 m. There are 40 detectorsin the track direction and each detector is
sampled four times within aframe.

The 500 m bands (bands 3-7) have detector sizes that correspond to an IFOV of 500 m by 500 m.
There are 20 detectors in the track direction, and each detector is sampled two times within aframe.

In the L1B product, the ordering of the ten 1000m detectors within a band is such that detector 1 is
at the trailing edge of the scan in the track direction and detector 10 is at the leading edge of the
scan. A corresponding numbering schemeis used for the 500 m and 250 m bands. This
convention in the Level 1B product is selected to allow easy use of Commercia-Off-The-Shelf
(COTS) mapping software for product visualization and is the opposite of the detector number
convention used by the instrument builder.
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Spatial misalignments will be measured preflight at the SBRS, monitored in-flight by the SRCA
and through image data analysis, and may be adjusted in-flight (focal plane-to-focal plane) by
changing the sample start times individually for each focal plane. The best estimates of the sub-
pixel offsets from nominal locations for each detector in each band will be included with the
geolocation data products for use in subsequent processing.

2.3.1 On-Board Calibrators Characteristics
There are three On-Board Calibrators systems on MODIS:

the Solar Diffuser and Solar Diffuser Stability Monitor (SD/SDSM),
the SpectroRadiometric Calibration Assembly (SRCA),
and the Black Body and space view (BB/SV).

In the Version 2.0 algorithm, only the BB/SV isused. The MCST scientistswill learn after launch
how to track changesin the MODI S sensitivity for the reflected solar bands with the SD/SDSM and
include those approaches in alater version of the algorithm. The SRCA will be used for
verification of the spectral characteristics on-orbit for the reflected solar bands, for the spatial
coregistration of al bands, and for the long-term stability of MODI S reflected bands and
electronicsto the on-orbit thermal characteristics. For the SRCA products, the spectral and
coregistration information will be included as part of the metadata associated with this product.
Since each of these usesis acomponent of the Verification of the Level 1B product; these systems
are described here. The complete description is provided in detailed support documents.

THE SOLAR DIFFUSER/SOLAR DIFFUSER STABILITY MONITOR (SD/SDSM)

The SD isafull aperture, end to end calibrator used to provide a measurement of sunlight for
calibration of reflected solar bands. It consists of a spherical integrating source (SIS) with ainput
aperture and nine filtered detectors. Each filter has a narrow spectral bandpass so that the change
in reflectance is effectively monitored at nine discrete wavelengths. When the AM platform is near
the north pole and the SD door is open, the SD isfully illuminated by the Sun for approximately
two minutes. Light isincident on the scan mirror at angles from 50.9 to 49.6 degrees for
observations of the SD. During this period of time the SDSM is operated. The input aperture to
the SDSM isfiltered with a 2% transmission screen (perforated surface) which awaysisin place.
The input aperture to the SD is filtered with a 8.5% transmission screen which can be deployed
over the SD aperture by ground command. The SDSM detectors (housed in aminiature integrating
sphere) aternately "see" an attenuated sun directly, sunlight scattered off the diffuser, and a dark
interna screen to account for detector drifts. Degradation of the SD is tracked with the SDSM.
The Earth scene beneath is in darkness during these measurements. Data acquired from the SD and
from the SDSM are telemetered from the satellite regardless whether the sensor is operated in day
or night mode.

SDSM Center Wavelengths (nm)
412 469 531 555 645 748 858 905 940
Band8 Band3 Band1ll Band4 Bandl Band15 Band2 Band1l7 Band19

THE SPECTRORADIOMETRIC CALIBRATION ASSEMBLY (SRCA)
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The SRCA is an end-to-end, partial aperture calibrator. It operatesin three modes: spectral,
radiometric, and spatial. 1n the spectral mode, instrument spectral response from 0.4 um to

2.1 um istracked. Inthe spatial mode, instrument spatial band coregistration for all bands in both
scan and track directionsis tracked by using well defined reticules. In the radiometric mode
reference radiometric levels are used to track changes in the radiometric calibration of MODIS
through launch and to characterize the limits of within-orbit changes in responsivity for the
reflected solar bands. The AOI range of the SRCA scan is 38.4 to 38.1 degrees. Sources within
the SRCA are activated by ground command.

THE BLACK BODY/SPACE VIEW PORT (BB/SV)

The V-groove BB isafull aperture radiometric calibration source for the MWIR and LWIR bands.
Temperature of the BB is known by twelve thermistors embedded in it. At the angle of view for
MODIS, the emissivity of the BB is0.993. It provides a known radiance source and is also used
in the DC restore operation. The purpose of DC isto maintain the dynamic range within the
specified limits as the instrument background changes due to instrument temperature changes. The
BB provides one point on the calibration curve for each detector of the emissive bands. TheBB is
used for each scan line. The BB temperature is approximately isothermal with respect to the scan
cavity. Internal BB heaters allow for operation of the blackbody at up to 315K. The AOI range of
the BB is 27.3 to 26.6 degrees.

The space view port is an aperture in one of the electronic modules which permits adirect view of
cold space. Thisview provides the zero reference points on the calibration curvesfor al 36
spectral bands. The SV isused for each scan line for each band. Approximately monthly the
moon will be visible through the SV. During those times the moon will provide aradiance source
for vicarious calibration rather than a zero radiance reference. The SV isused for scan mirror AOIs
11.6 to 10.9 degrees.

THE EARTH VIEW (EV) PORT

The double-sided scan mirror sweeps out a 110 degrees Earth field of view in each swath,
effectively moving the instrument's ten spatial € ements over a swath of the Earth 10 km wide at
nadir. This scan width increases to 20 km at scan angles of +/- 55 degrees due to the panoramic
"bow tie" effect. This effect leads to scan-to-scan overlap at scan angles greater than 25 degrees
(actuadly, the 500 m and 250 m bands overlap at smaller scan angles, around 17 degrees for the
250 m bands). The AOI range of the EV is 10.5 to 65.5 degrees. The sampling interva is
typically the amount of time it takes the projected image of a detector on the ground to move

sideways (along-scan) one sample, 333.333 nsec for the 1 km bands.

2.4 The Calibration Timeline

2.4.1 Initial On-orbit Phase

Theinitia caibrations used for MODIS at launch will be the calibrations derived from the
prelaunch calibration activities. The calibration for the reflective solar bands for radiance will be
based on thermal vacuum measurements of the output of a spherical integrating sphere SIS(100).
The cdlibration for the reflective solar bands for reflectance will be based on the laboratory
measurements of the bi-directional reflectance distribution function of the flight solar diffuser. The
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calibration for the emissive infrared bands will be based on thermal vacuum measurements of the
output of a ground blackbody calibration source (BCS). Since the emissive infrared bands use the
BB embedded in the instrument on each scan line, the calibration of the BB will be based on the
ground blackbody calibration source. The BB emissivity will be "tuned" based on the BCS before
launch.

Traceability of the radiance scalein the reflected solar bands to national standards will be through
an irradiance lamp standard, which is the calibration standard for the spherical integrating source.
Calibration of the radiance scale in the emissive infrared bands is through atemperature scale of the
thermistorsin the BCS. Validation of the radiance scales and the reflectance scales for the
prelaunch valuesis being accomplished within the EOS round-robin programs conducted by the
EOS Project Calibration Scientist. Round-robin measurements for emissive infrared bands have
not begun at the time of this ATBD MODO02 Version 2.0 Document.

Spectral and spatial registration calibrations, as well as characterization of MODI S attributes are
determined from prelaunch ambient laboratory testing, thermal vacuum testing, measurements of
witness samples and in some cases modeling. The parameter listings Tablesin Section 3 indicate
the source of each parameter used in the algorithms. Parameters values are documented on the
MCST home page of the World Wide Web.

2.4.2 Early On-orbit (Activation and Evaluation, A & E) Phase

This phase covers about the first three to six months of operations. Spatia co-registration will be
checked using the SRCA in spatial mode. If the SRCA shows a shift in spatial registration from
the prelaunch thermal vacuum testing, such a shift will be catalogued into the MCST Configuration
Items List and therefore available to the science team on the MCST home page. These shiftswill
be reported in the data sets immediately.

Spectra band shape and center wavelength for the reflected solar bands will be checked using the
SRCA in spectral mode. If the SRCA shows a shift in spectral registration that information will be
incorporated into the MCST Configuration Items List and reported in the data sets immediately.

Radiometric calibration of the reflected solar bands will be checked using the SRCA in the
radiometric mode. If the MODI S radiometric response to the SRCA shows a shift in the transfer to
orbit such information will be noted and used later along with the interpretation of vicarious
calibration data at the end stages of the A & E phase. Operation of the SRCA in radiometric mode
during afull orbit will be used to validate sensor thermal/radiometric models. These
thermal/radiometric models are likely to be adjusted immediately as aresult of SRCA
measurements and before vicarious calibration data sets are incorporated into the MODIS
calibrations.

Changes in on-orbit radiometric performance within an orbit are checked by the SRCA. Such
changes, if they occur, are most likely due to errors in understanding the temperature sensitivity of
the detectors, optics, or electronics. Such changes will be incorporated into these algorithms
immediately if any are discovered.

Changes in the radiometric calibration with time (days to weeks) will be checked with the solar
diffuser measurements. Adjustmentsto the reflected solar band calibrations based on SD
measurements are expected. These changes will not be incorporated before they are reviewed with
the Science Team members and the major implications of the changeson the Level 2 agorithms
are understood. By the end of the A& E period the earliest measurements which can be used as
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vicarious calibration datafor the Level 1B product are expected to be available. The most likely
sources for this data include the land surface measurements from the University of Arizona

(Slater, established for SPOT and TM data sets), ocean surface measurements from NOAA (Clark,
established for the Ocean Color Temperature Sensor and perhaps SeaWiFS) and high atitude
aircraft-borne spectrometer (Abel, established for AVHRR and GOES). All three of these data sets
are for portions of the reflected solar bands, and none of them reach throughout the

SWIR bands.

In addition, the A& E phase will establish the baseline trends used for monitoring the health of the
instrument and the health of the data. These analyseswill be performed in the CROM. Trending
and monitoring will cover three basic categories. First, housekeeping telemetry will be monitored
continuoudly to access the health of the instrument. Thistelemetry will be trended to alow the
Instrument Operations Team predictive information about possible future problems. Second, the
use of al potentia limited lifeitemswill be tracked. These include SRCA bulb uses, motors,
cooler cycles, and anything that might lead to changes in future operations in order to preserve
functionality. Finaly, the performance of the instrument will be trended to ensure that calibration
ismaintained over the life of the instrument. During the A& E phase, MCST will establish the
initial trend lines for each of categories. These trend lines will be traced back to sensor
performance during thermal vacuum testing.

Lunar observations will begin during this period. Research on the use of the lunar datasetsis
necessary, so they will be used for calibration no earlier than at the beginning the operational phase
of the mission.

Reviews and workshops will be held at least every six months to brief the Science Team on sensor
performance and calibration and characterization status. Each of these meetingswill provide a set
of recommendations for changes and improvementsin the Level 1B product. The implementation
of these recommendationsis the responsibility of the head of the MODI S Characterization Support
Team (MCST), under the direction of the MODI'S Science Team Leader.

Task Name -1 1 3 4 =) 6 K 8 9 10 11 1 13 14 15 16 17 I
Launch rEzZn
[OA-06 Initial Outgas .v_\ 2

[OA-01 Open SVD to Outgas & 7/7

[OA-O1 Open SVD & 7717
[OA-01 Rad Cooler Turn-on & 7717
(OA-01 Instrument Turn-On/Check Out =1
[OA-O1 Open SDD &% 7/20
OA-01 Open NAD * 7/p2
(0A-03 Reflective Band Noise Verification 1] o 1]
(0OA-08 Lunar calibration (via SVP) 1 | 1

OA-09 SD S

Light Mapping (yaw) m
OA-10 Resp can Angle (deep space) ]
OA-08 Luna tion (via NAD) [
OA-11 Field Campaigns 1
OA-14 Sector Rotation (stray light) ]
OA-15 SD/SDSM Open

o s s ettt s et et
OA-17 Sector Shift to MODIS Corner ] i} 1

(OA-18 SDSM Operations [ 1]

OA-19 SRCA Full Radiometric a glogooopoigoooRE @ o o o o o OO0mEnonn
OA-20 SRCA 10W Ra o o ] o ] o o o

OA-21 SRCA 1W Radi 0o @g oo o1 Koo po oo |o@o (og |(o@ (oo (@@ (@
(OA-22 SRCA Full Spectral n oo o ] o ] o o o

OA-23 SRCA Full Spatial OInon gno

(OA-24 SRCA 1W Spatial 1]

(OA-26 OBC BB On/Off l I l l
(OA-27 PV Electronic Calibration
[OA-28 PC Electronic Calibration

Figure 4. Activation and Evaluation Schedule
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2.4.3 Operational Phase

From six months after launch until the end of the MODIS mission, trending and monitoring of the
primary data set, the engineering data set and the OBCs, validation, and updating calibration
coefficients will be primary activities. Each of the MODI S discipline teamswill conduct field
campaigns, the MODI S calibration discipline group will continue vicarious calibration campaigns
and aircraft underflights will be made. In addition, lunar radiometric calibration activities will be
conducted through the SV port and perhaps through the EV port. Activitieswithin the MCST are
focused exclusively on improving the MODIS calibration and validating the L 1B product.

3. ALGORITHM DESCRIPTION

Figure 5 provides a summary description of the primary calibration paths for the two MODIS
science products for the reflected solar bands, the radiance and the reflectance product. The
calibration tools which are either direct NIST standards or are subjects for the EOS/NIST round
robin measurements programs are shown above the first dotted line in the Figure.

NIST Radiance Calibration Reflectance Calibration
Calibration Standard Lamp Sintered Halon Diffuser
Support Measurements BRDF Round Robin
¥ Y
SIS100 MODIS Solar Diffuser
Calibration BRDF Measurement
_J BRDF (O<n)
sF----p--------—-== T
S MODIS Radiance
=z | SBRS Responsivity
-1 | Calibrations Calibration
(] -
o RSIS _ DN*
MS,B,D ~
SRCA Radiometric Lsis
Calibration o
: J Periodic SDSM Corrections
chaﬁgéirgg}gﬂve — RJSTY(;YD = FSRCAR,;;SBYD | Solar Diffuser Pre-launch
- to pre-launch ' Dspsm BRDF(Qgp)
(&)
c n
5 ORBIT s Apply Corrections for changes
S Rus .o = FSREAFSPR s 5 5 relative to early A&E Solar
7] Diffuser Response
< \
o \J
—DN* ESD Dspsm
Lev = SIS r v €0S(Qgy) —pLev Zsun SOSVMBRDF(Qgp)
FSRCAFSDR, /<5 o Lsp _Ev FSD
-
L1B L1B Radiance L1B Reflectance
Products Product Product

Figure 5: Reflective Calibration Paths
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3.1 The Reflected Solar Bands

For the reflected solar bands, the MODIS L 1B agorithm has two principal data products. The first
isthe Earth-exiting spectral radiance for each band -- see Equation (7) in Section 3.1.2.1. Thisset
of radiancesis not normalized to 1 Astronomical Unit (1 AU) and will vary with the season dueto

changes of the Earth-sun distance. The units for spectral radiance are [W m 2um*sr't|. The

second product is the Earth reflectance, see Equation (11) in Section 3.1.2.2, which will not vary
with season due to changesin the Earth-sun distance. This reflectance is defined as the product of
the Earth bi-directional reflectance factor, BRF,, , multiplied by the cosine of the incidence angle of

the solar flux at the Earth’s surface (the solar zenith angle). The Earth reflectance is dimensionless.

Neither of these data products is derived using the absolute value for the solar irradiance. In other
words, the MODI S radiances and reflectances are independent of any solar model. However, the
band averaged solar irradiances for the reflected solar bands, using the compilation of Wehrli
(1985), have been calculated and are available to data users as an auxiliary data product. They
have been tabulated in one of the MODI S parameter lists and are available on the MCST home

page.

The procedure for producing the emissive infrared radiometric product starts with the Level 1A
digital numbers (12 Bits) and involves the operations defined by equation (7) to produce the
calibrated radiances. These radiances are re-interpreted as 15 bit digital numbers and are coupled
with gain and offset values which are stored in the metadata to provide coded radiance values. The
product is stored in integer format to save on storage volume compared to floating point storage
requirements. Bit 16 (MSB) isused as a quality flag.

3.1.1 Physics of the Problem

Theinitial on-orbit calibration for the reflected solar bandsis the prelaunch laboratory calibration.
The Level 1B output products from MODIS, on a pixel-by-pixel basis, are digital counts. For
radiances from the solar bands, the basic measurement equation is

DN*EV B,D
Ley gp = (1)
7P ALes(1)
where
B MODIS Band
D Detector within band B
Lev so Band-averaged spectral radiance from the Earth scene [W m‘zum‘lsr‘ll

DNay s Effective digital counts from the detector (see Equation (6))

Al o) Radliance responsivity from the calibration of MODIS [countsW lmzumsr]
t
L

Time after the start of on-orbit operations
as asubscript is used to identify these parameters as belonging to the radiance
product calculations

Leven: as used by MODIS, is the band-averaged spectral radiance. It is defined by the
equation
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}\‘2
Q1 Lx, EV R B Dd7‘-
Levep = \7‘2 @
Ql Rx B, de
where
L ev Spectral radiance of the Earth scene at wavelength | [W m 2um 'sr?
Ry.s.0 Relative spectral response at wavelength |

A, and A,  Wavelength range over which the detector has a significant quantum efficiency

The effective digital counts, DN ¢, ; ,, are the raw counts from MODIS, corrected for zero offset

and for instrument characteristics determined during calibration and characterization in the
laboratory. The effective digital counts correct for on-orbit differences in the instrument from
those under laboratory (calibration) conditions. For example, thereis acorrection for the
difference between the temperature of the focal plane on orbit and that during caibration. In
addition, the scan angle corrections for the solar bands are normalized to unity at the primary scan

angle of 45°. Thisisthe angle that the SIS(100) sits during the primary calibrationsin thermal

vacuum and is at 60.5° angle of incidence on the scan mirror. These corrections are discussed in
Section 3.1.2.1.

~

The radiance responsivity, A *L & p -+ IStheradiance calibration factor for MODIS. Thisfactor has

three components. The first comes from the prelaunch radiometric calibration in the laboratory.
The second comes from measurements that monitor relative changesin the responsivity of MODIS
during the timeinterval between the laboratory calibration and the start of on-orbit operations, that
is, during the transfer to orbit. And the third comes from measurements that monitor relative
changes in the responsivity of the instrument during the lifetime of the mission. For MODI S, there
isonly one absolute measurement of responsivity. Thisisthe laboratory calibration. The two
other components are measures of the relative changesin responsivity.

For the first factor, the laboratory calibration uses an integrating sphere as a known radiance source
to calculate the responsivity of each detector at several radiance levels

- DN
A CAL,LB D = % (3)
ALB,D

and A, ., iscaculated asthe slopeof alinear fitted curve of DN, 5, VErsus L, 5, for

the set of caibration measurements. The calculation of the effective digital countsincludesa
correction for any non-linearity in the laboratory calibration (see Section 3.1.2.1).

For the second factor, the best estimate of the fractional change in responsivity during the transfer
to orbit, F1o, 5 p » iSestimated from measurements from several sources. Thereis no procedure
to automatically apply the transfer to orbit correction. Within MODI S, the SRCA will monitor
instrument changes. In addition, initial measurements from the SD/SDSM will provide further

information about instrument changes. Combined with measurements from lunar and other
vicarious measurements, these data will be used to obtain an understanding of the instrument
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responsivity at the start of on-orbit operations. The transfer to orbit correction, Fr;,, 5, Will be

applied, as described in the Calibration Timeline in Section 2.4. The decision to implement this
correction will derive from an internal MODI S review process. With the application of the transfer
to orhit correction, the at launch responsivity of the MODI S reflected solar bands in equation (1)
becomes

AT_,B,D(O) :A*CAL, L,B,DFTro,L,aD 4

For the third factor, changes in the responsivity of the reflected solar bands are monitored after the
start of on-orbit operations. During A& E, MODIS will make aninitial set of solar measurements
with the SD/SDSM. After thistime, the SD/SDSM will be used to monitor relative changesin the
responsivities of the reflected solar bands. This diffuser-based responsivity correction,
Fosuep(t), will beinitialized to unity at launch, and the correction agorithm will operate off-
line. This correction will be used for long-term changes in the responsivities of the reflected solar
bands, that is, for changes over intervals from weeksto years. Fgq,, 5o (t) Will be applied, as

described in the Cdibration Timealinein Section 2.4. The SD/SDSM are described in adetailed
design document.

The SRCA for MODI S has been designed, among other things, to monitor instrument changes
within an orbit. These intra-orbit variations may be caused by instrument temperature changes as
the spacecraft passes through the sunlit and dark portions of the orbit or by other factors. The

SRCA correction, Fgcn g5 (1) , Will be used for changes that occur over the time interval of a

single orbit. At launch, the SRCA correction will beinitialized to unity. If instrument changes
within an orbit are found, this correction will be applied immediately. A functiona description of
the SRCA isgiven in adetailed design document.

The radiance calibration factor from vicarious data, F. | ; ,(t), isameans of incorporating the

results of satellite, aircraft, and surfaced-based measurementsinto the calibration of MODIS on
orbit. Thisfactor will be set to unity at launch. MODIS aso will make along-term set of
measurements of reflected sunlight from the lunar surface. The correction factor from these

measurements, F .z s (1) , isseparated from other vicarious measurements due to its nature as

along-term data set (that can last aslong as the EOS mission) with frequently repeated
measurements (several timesayear). Again, K, ;o (t) and F g g0 (t) Will beapplied
according to the Calibration Timelinein Section 2.4. And both K., ;5 (t) and F g0 (t) Will
have atime scale of afew monthsto several years.

With the inclusion of the correction terms for the SD/SDSM, SRCA, vicarious, and lunar
measurements, the radiance responsivity term from equation (1) becomes

A :.BD(t) = A*CAL, L,B,D (t)F'I'I'O,L,B,D{ I:SDSI\/I,L, B,D (t)FSRCALBD(t) I:VC,L, BD(t) I:LUNAR,L,B,D (t)} (5)

The most likely benefit from vicarious calibration isto identify either an error in the prelaunch
calibration scale embodied in A, 5 , Or an error in our assessment of the changesin MODIS

due to the rocket launch and orbit insertion, F, 5, . Consequently, in the final application of

Equation (5),we expect to actually apportion identified errors amongst theterms A7, and F.,

and will not handle this equation asif it isamultiplication of independent and orthogonal terms
within the brackets.
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Normalization for differencesin responsivity detector-by-detector within each band will be
obtained by observations of sunlight scattered off the solar diffuser. This correction will be
incorporated into A, , , in Equation (3).

3.1.2 Mathematical Description of the Algorithm

3.1.2.1 Effective Digital Counts and the Radiance Calculation

There are corrections to the MODIS digital counts based on the analysis of EM data. Additional
corrections are expected after PFM testing, analyses, and interpretation.

In the reflected solar bands, the radiance and reflectance calibration agorithm corrects for
systematic effects due to focal plane temperature, mirror side, scan angle, and non-linearity in the
detector electronics and A/D converters. These corrections will apply to all radiance sources,
including the radiance from the SRCA, SD, and EV. Whether the moon isvisiblein the SV port or
not, the SV aso will have the complete set of corrections applied. The following corrections are
applied to each reflected solar band and detector for each scan line:

(2) Correct digital numbers for nonlinearity effects.

Five analog-to-digital (A/D) converters are used to generate the digital numbers (DN) from the
MODISfoca planes. There are numerous instances of redundant electronic subsystems, and they
areidentified as Side A and Side B. Each will have separate characterization parameters, and
changesin the case of Side A and Side B components are identified in the non-searchable metadata
at the granulelevel. Indicesfor the Electrics Redundancy Vector are suppressed throughout this
ATBD. Prelaunch laboratory testing demonstrates characterization of the deviation of each A/D
from linearity, including afixed pattern noise based on the total number bitsthat are on (high
state). In addition, MODIS has an internal electronic calibration, called ECAL, whichinjectsa
series of voltagesin the form of an electronic ramp immediately after the current-to-voltage
converter for each detector. These voltages are paired with the digital counts from the detector.
ECAL has been designed to determine the linearity in the intermediate amplifiersand A/D converter
for each detector. Finally, the linearity of the MODIS measurements, from the detector to the
digital output will be measured with the SIS(100) using several radiance levels. Of course, ECAL
non-linearity must be quantified before the correction for each detector can be applied. An
individual measurement DN then is corrected for the electronic non-linearity and fixed pattern noise

through the use of alook-up table, designated Q, such that DN'; , = DN[Q(B,DNB,D)] . DN",

then, is the expected response when corrected for non-linearities. The expected uncertainty in
DN'; , is0.2%.

(2) Correct for zero radiance response
Every scan line includes a measurement of cold space and provides the detector zero radiance

offset. Measurements of each scene must be corrected for zero radiance offsets. Each DN,
measured at the space view port is subject to the linearization filter described in (1) aboveand is
designated (DN, ), Such that (DN 5)g, = DNB,D[Q(B, DNB’D)]SV so that the signal from any
scene with ameasured DN , will be represented by DN, , - (DN ,)g, for thelinearized
system. This correction is applied to Earth-view, solar diffuser, and SRCA data. When the moon

isin the space view port, (DN ), does not represent a response to zero radiance, and an
alternative correction for zero radiance response must be applied.
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(3) Correct measured DN for focal plane temperature effects

A linear correction is applied for the difference between areference or calibration temperature,
T (FP3), of afoca plane and the average focal plane temperature, <T(FP;)>, where FP; isthe
focal plane for band B. The temperature coefficient, K , is determined for each MODI S detector,
with the determination based on responsivity variations observed during thermal vacuum testing.
The magnitude of the temperature coefficient should range from about 0.01% to about 0.1% per
degree. Within an orbit, the temperature of the uncooled VIS and NIR focal planesis expected to
change by about one to two degrees. The uncertainty in the short-term temperature correction is
expected to be very small. Over thelife of the mission, MODIS will warm by ten or more degrees
asthe thermal blankets lose efficiency. For the reflected solar bands, any deficiency in this
correction will become part of the long-term responsivity change. The uncertaintiesin this
correction are expected to average about 0.2% for the reflected solar bands.

(4) Correct measured DN for scan angle effects

The mirror reflectance depends on the angle at which the mirror isviewed. The reference for this
isthe scan angle at which the SIS(100) is used for calibration during thermal vacuum testing (see
Figures 3a,3b). The correction is applied through alookup table S(B,MS/F,,) that includes
differencesin the reflectances of the two sides of the scan mirror, where MS=mirror side. The
lunar, SRCA, and SD data segments are used at the scan mirror angle of incidence for that
observation. Side-to-side differencesin the scan mirror reflectivity will be substantially less than
1%, particularly near nadir. For the reflected solar bands, the reflectivity of the mirror can change
by up to 3% for measurements near the edge of the swath. Again, it is estimated that the
correctionsin the L1B algorithm will reduce these uncertainties by afactor of five.

After these corrections have been applied, the notation for the uncorrected digital countsis changed
to DN, known as effective digital counts. These counts are, in effect, those that the instrument

would be expected to produce under |aboratory conditions. DN’ is part of the process of carrying
the laboratory calibration to the scene that MODI S views on orhit.

The complete correction from DN to effective DN, DN | is

DN;,D :[DNIBDS(B’D’ MS Fyo1) - (DN'B,D )syS(B,D,MS, FAOI)SV] '

{1+Ko o[ (FR)F Tou (FRY)]} )

When effective Earth-view digital counts from Equation (6) are combined with the radiance
responsivity from equation (5), the radiances from the MODI S reflected solar bands are calculated
from the basic measurement equation

DN*EVB,D
ALeo(te)

The practical considerations for the reflected solar bands portion of the L1B algorithm are found in
Section 3.3.

Lev oo = (1)

3.1.2.2 Reflectance Calculation

In addition to its function as aradiometer, MODIS will be used on orbit as areflectometer. In this
mode, MODIS will act as atransfer radiometer between two diffuse reflecting surfaces, the SD and
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the Earth. Both the SD and the Earth atmosphere system are reflecting surfaces, and the MODIS
signal, when viewing these targets, results from the reflection of incident sunlight. MODIS uses
the SD as areference sample.

The preflight laboratory characterization of the diffuser determines its reflectance properties, that is,
its radiance to irradiance reflectance ratio, using a NI ST-characterized reference diffuser. Here, the

ratio is called the solar diffuser bi-directional reflectance factor (BRF), p,. TheBRFisa

fundamental part of the definition of the MODI S reflectance product: the Earth bi-directional
reflectance factor at multiplied by the cosine of the solar incidence angle. The BRF and the bi-
directiona reflectance distribution function (BRDF) are related by afactor of m steradians. The
BRF isthe greater of the two and isdimensionless. Reflectance is defined in terms of the BRDF,

and the value of p in Equation (9) converts the BRDF to BRF.

There is no prelaunch solar calibration of the SD system, only a prelaunch BRF characterization,
Pogp- INaddition, thereisno method to monitor changesin this characterization from the
laboratory to orbit. However, aswith the radiance responsivity in section 3.1.2.1, there will be
methods to monitor diffuser changes on orbit. Thus, the BRF of the SD at the time of each solar
measurement, t.,, isdefined as

P .80 (ty) = Po,s, D{ Fosu, 0.B,D (tSD)FSRCA,p B,D (tSD )Fvc,p B.D (tSD)FLUNAR, 0,B,D (tso)} (8)
P as asubscript is used to identify these parameters are belonging to the reflectances product
caculations

The form of Equation (8) paralelsthat for Equation (5) in Section 3.1.2.1, and the correction
factorsin Equation (8) are analogs to the corresponding factorsin that equation. The correctionsin
Equation (8) will be applied as described in the Calibration Timelinein Section 2.4. The difference

between Equation (5) and Equation (8) isthat thereisno F,,, correction, and the bracketed
expression closely resembles the multiplication of orthogonal terms.

In apractical sense, the SDSM isthe principal means of monitoring pg, 5 (ty,) - Thisisthe task

for which the SDSM was designed and built. If there are problemsin determining the long-term
changes in the SD using the SDSM, then these are symptoms of additional problems within the

instrument. In those sections, p, ; ,, isreferred to as BRF; .

On orbit, both the SD and the Earth will be illuminated by the same irradiance source. For the
MODIS solar diffuser, the reflectance is given by

T Ly ep

ty) = 9
P 5,0 (tsp) En a0 0050 9)
where
Lsos o Spectral radiance from the diffuser measurement for detector, D, of band, B

as determined from Equation (7)[W m 2umtsrt

Psps .0 Bi-directional reflectance factor of detector, D, band, B, at the time of the solar
measurement [dimensionless],
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Esuneo Solar irradiance for detector, D, of band, B, for an Earth-sun distance at
the ”moment” this measurement is made. This parameter is determined by Equation
(9) and equally well could be named E, ¢, (t) [Wm-2pm?|

B¢ Solar zenith angle relative to the normal to the SD surface

Theterm cos(6 o) accounts for the geometric expansion of the irradiance beam for angles other
than normal incidence to the diffuser surface. It isused, since the solar image on the diffuser
overfillsthe field of view of the MODIS measurement. In this presentation, the indices for the
elevation and azimuth angles for incidence and reflectance are not shown here to smplify the
equations. It isimportant to note that the BRF is two dimensional, with solar incidence angles that
will vary and with MODI S view angles of the diffuser that are constant.

When viewing the Earth, the Earth-atmosphere bi-directiona reflectance factor is given smilarly
by,

T Leysp

ty) = 10
Pev.e.o(te) Eam a0 0000y ) (10)
Equations (9) and (10) can be combined to give

Lev s, Glte)]”
Pev.s.o(tey)COS(0g, ) = ?’:Z P g.0(ten)COS(0 ) [G(TZ:)] (11)
G(t) The Earth-sun distance at timet, in Astronomical Units

L
Theratio of the spectral radiances, ——22 | in Equation (11) shows the use of MODIS asa

SDB,D
ratioing radiometer with the solar diffuser as the reference sample. Theratio of the G termsin
Equation (11) makes the reflectance product independent of the Earth-sun distance. When L, in

Equation (11) is measured at atime separated from the measurement of L., (for changesin the
Earth-sun distance), then L, must be corrected to correspond to the time (the Earth-sun distance)
for L, .

3.1.3 Uncertainty Estimates

Thefractional uncertaintiesin the MODI S cal culated radiances and reflectances have severa
components. They include uncertaintiesin the algorithm, in the radiance and reflectance
calibrationsin the laboratory, and in the effects of polarization, crosstalk, and scatter within the
instrument. These last three components will be scene dependent, and their magnitude is currently
not known. They are not quantified in this uncertainty analysis.

Table 3.1.1 shows the current uncertainty estimates for the radiances from the MODI S solar bands.
Table 3.1.2 gives the uncertainty estimates for the reflectances from these bands. The tables show
the major contributorsto the error budget for the laboratory calibration of the bands. The agorithm
dependent terms, as given in Equations (6) and (11), are minor contributors to the error budget.
These termsin the tables -- electronic non-linearity through the mirror side correction -- come from
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Equation (6). For thetables, the mirror side uncertainty has been separated from the other scan
angle uncertainties.

Tables 3.1.1 and 3.1.2 also include terms for short-term instrument repeatability (signal noise) and
for the subsample timing of the 250- and 500-m bands. The sample times for these sub-1-km
pixels are not identical. However, if these subsample times are constant, then it will be possible to
flat-field these timing differences either from prelaunch calibrations or from solar diffuser
measurements. The uncertainty tables include subsample timing effects as a place holder, in case
the PFM data show problems.

In addition, it isimportant to note that, asthisATBD is published, the EOS diffuser round-robin
experiment is still underway. The results from that experiment will be used to provide replacement
valuesfor the SD BRDF uncertaintiesin Table 3.1.2. The other uncertaintiesin Tables 3.1.1 and
3.1.2 will be updated, when the results of PFM testing become available. The method of reporting
the uncertainties on a pixel-by-pixel basisis provided in Section 3.3.
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TABLE 3.1.1 -- Radiance Cdlibration Uncertainties
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TABLE 3.1.1 Concluded -- Radiance Calibration Uncertainties
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TABLE 3.1.2 -- Reflectance Cdlibration Uncertainties
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TABLE 3.1.2 Concluded-- Reflectance Cdlibration Uncertainties
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3.2 The Emissive Infrared Bands

The derivation of the emissive infrared radiance equation is easier to describe when the formulation
is alinear one. That isdonefirst. A quadratic expression is more typical for the detectors so a
second expression is developed. The version 2 quadratic expression is TBD. The version 2 code
will use the linear expression unless analysis of the PFM data shows that one or more detectors on
aband are nonlinear; in such a case the code will use to the nonlinear expression. Selection of the
linear expression for emissive infrared calibration will be made on a band-by-band basis.

The procedure for producing the emissive infrared radiometric product starts with the Level 1A
digital numbers (12 Bits) and involves the operations defined by equation (20) to produce the
calibrated radiances. These radiances are re-interpreted as 15 bit digital numbers and are coupled
with gain and offset values which are stored in the metadata to provide coded radiance values. The
product is stored in integer format to save on storage volume compared to floating point storage
requirements. Bit 16 (MSB) isused asaquality flag.

Each MODIS emissive infrared detector has an output consisting of a small signal superimposed on
alarge, variable background. The calibration process isolates the Earth view signal from the
background. The calibration parametersfor alinear system in the infrared are the gain and offset
(background signal) and these are determined on each scan line. For anonlinear system, the
quadratic (detector) characteristics are determined from the thermal vacuum testing and are assumed
to be constant. The gain and offset terms of a quadratic system till are determined on each scan
line. The effective spectral emissivity and effective (spectral) temperature of the blackbody are
determined a so from the thermal vacuum testing.

On orhit the scan cavity and the blackbody (which floats at the scan cavity temperature) are
expected to be at 259K at the beginning of life, at 269K at the middle of life, and at 279K at the
mission end of life. The blackbody can be heated to 315K on orbit. Consequently, the quadratic
terms for the nonlinear system can be verifies on orbit for the scene temperature ranges between the
operating blackbody temperature at 315K. The thermistors for the blackbody saturate at
temperatures below about 274K. Consequently the normal operating configuration of the on-board
blackbody is expected to be heated for most of the mission so that we can obtain an on-scale
temperature reading for the blackbody effective temperature.

3.2.1 Basic Linear Measurement Equations

Thetotal radiance on adetector is acomposite of signal through the earth view port and total signal
from the instrument scan mirror and optical background. The voltage response of a detector to this
composite signal is expressed in generd terms as.

Vs = Vscene + Vmirror + Vbackground +Voffset (12)

where

V, Analog signal voltage from Focal Plane (FPA) when the scan mirror is viewing bb, sv, ev.
S an index, indicating emissive sources. bb, sv, ev,

Ve accountsfor any voltage offset in the detector for zero signal
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The MODIS emissive infrared band response is expected to be predominately linear, therefore, the
baseline equation retrieving the band-averaged Earth view radiance, L, is derived through the
following basic linear equation relating the detector voltage response to the radiance as

¥ ¥
VS,AOI = meAOI A LS,AOI M Ffpt d)\’ + Q (1 - pAOI ,X)Bm'r,kR}»ptdk + I—bkg + \/O (13)

where
m Linear calibration coefficient or system gain.
Vo Zero flux output voltage from the detector.

P On-orbit scan mirror spectral reflectivity (and is afunction of angle of incidence).

L .o Spectral radiance on the scan mirror when the scan mirror is viewing the sources.

R™  Optical Relative Spectral Response (RSR), which, after being multiplied by the scan mirror
reflectivity p,, givesthe system RSR, R,

Planck spectra radiance evaluated at the scan mirror temperature, and the associated term
(1- pAOl,x)an,x accounts for the scan mirror thermal emission.

Ly,  Optical background radiance.

B

mir, A

After some re-arrangement of the termsin Eq.13, the basic linear equation becomes

Vs, Aol = mDLs AOI + VO (14)
where
\¥ opt
DLs AOI, % = QpAOI ,k( LS AOILA - Bmir,h)Rk d}\' ’ (15)
and
s \¥ t
Vo=Vt m(Q B R dA + Lbkg) (16)

The temperature of the scan mirror is measured on-orbit and the spectral response versus scan
angle of the mirror was determined prelaunch based on models and witness sample measurements.

Vj, in equation (16) is the collection of terms which are constant over mirror angle of incidence, for
all frames, on each scan line. The detector offset, V,, will change slowly and may be influenced
by 1/f noise. Inthe MODIS design, we get a scan-by-scan gain in less than 1.5 sec with about 120

neec between blackbody and space view data collection. Consequently in the present algorithm,
we will not include a U/f correction. Analysis of the PFM thermal vacuum data set will be used to
validate this assumption. Instrument background radiance, Ly, is sampled every scan also with

the space view. Mirror temperature is available on-orbit to complete the evaluation of \,. DL,
in equation (14) is the mathematical collection of terms which vary across the scan.

Next we use a scan line-by-scan line measurement of the on-board blackbody and the space view,
for equation (14), it is determined that

Vb = Vay

" DLy, - Dy, )
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VaDLly, - ViDL,
DLy, - DL,

V6= (18)

For equations (17) and (18), knowing the temperature of the on-board blackbody and the scan
mirror, we can compute DL, and DL, using equation (15). V,, and V,, are values measured on

each scan line. This process is accomplished each swath for each band. Processing is done
separately for each mirror side.

Next we want to examine equations (15) and (16) to obtain the expression for the scene radiance
expressed in terms of the detector (voltage) response. Solve equation (15) for DL ,,, and insert
this expression into equation (16);

AOl, 2

V., . -V,

¥ ¥
QpAOI A Lev,/-\0| A F{ptd)\' - Qp AOI, 2 Bmir,}\ @md}\‘ = % (19)

Dividing both sides of this equation by Q¥Rxd7\ permits (19) to be written in the form

VEVAOI - \/OB
LE\/,B = Bmir,?» + '\2 Y (20)
mQR.dA

where the reported radiance product is a band average product and where

¥
G_EV.B R)»d}\'
Lo =S, (21)

R
0

z‘ﬁmir,)\R\ d>\‘
By =t (22)
OR.d

0

and R = pAom.R:)pt *

Equation (20) must be evaluated on a pixel-by-pixel and frame-by-frame basis (for each angle of
incidence on the scan mirror). The R™ isevauated for channel (detector 5) in each band.
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Differencesin system response for channels within aband will be normalized (flat fielded) to
minimize the spectral radiance differencesin aband by observation of the on-board blackbody.
This could be done on a scan-by-scan basis, but the current design provides this as an input
parameter determined off-line.

3.2.1.1 The Master Curve Premise and Quadratic Calibration Equation

The MODIS emissive infrared band detector response is expected to be predominately linear. More
generdly it can be described as a quadratic function of the detector total incident radiant flux [T.
Pagano, 1993; |.L.Goldberg, 1995] as

V,=a(F,+P) +b(F,+P) +V, (23)

where F  represents the radiance on the detector from an emissive scene, a and b are the quadratic
and linear calibration coefficients, and B, represents the instrument background radiant flux. This

isthe MODIS cdlibration master curve (Figure 6) proposed by SBRS to be applicable to both the
PV and PC detector bands. Bands 20 through 30 are HgCdTe photovoltaic bands and are
considered likely to belinear. Bands 31-36 are HgCdTe photoconductive bands and are
considered lesslikely to be linear.

The MODI S instrument incorporates hardware and on-board software features to continuously
apply aDC restore voltage to the PV and PC preamplifiers. Its purposeisto maintain the dynamic
range from the earth scene within the specified limits as the instrument background changes due to
instrument temperature changes (N.B., the FPA temperatures are considered separately). Asthe
background flux changes the calibration curve (equation) characterizing the instrument response is
considered to be constant. Thisis shown in Figure 6, where the location of the dynamic range
along the master curve shiftswith B, for a constant calibration curve.

The DC restore voltage is available from the telemetry; therefore, EQ.23 can be directly applied.
The MODI S differs from the traditional formulation used for some heritage instruments where the
derived flux (or radiance) is aquadratic function of the output voltage. For heritage sensors

DC restore has not been available in the telemetry stream.

The calibration curve will vary as the FPA temperature changes. However, the MODI S has been
designed to maintain a"closed loop™" temperature control of the SWIR/MWIR FPA and the LWIR
FPA within narrow temperature control limits (83+0.005K, 85+0.005K and 88+0.005K). Two
FPA temperature conditions will be tested prelaunch to characterize the calibration curve asa
function of the FPA temperature. In addition to this closed loop mode, both of the focal planes,
located on the common cold stem of the radiation cooler, can be operated “ open loop” by
commanding the temperature control heaters off. Thisfeature is accommodated by setting an
additional testing point at the open loop temperature in thermal vacuum. Colder FPA temperatures
enhance detector responsivity.

The thermal vacuum test progress was constructed on the basis of the validity of this master curve
concept.
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Dynamic Range

Extrapolation Range

Extrapolation Range

Pg =0 @5 = Pmax

Figure 6: The emissive band calibration master curve

Based on the master curve Eq.23, the following system level at-aperture radiance equation can be
derived [Knowles, 1996],

V, =am’ (DL, + L) + m(DL, + L) (24)

where

a Pre-launch measured system nonlinearity (o = a/ b? with respect to Eq.23).
m Linear calibration coefficient or system gain.
DL, Asdefinedin Eq.26.

Ly Background irradiance and bias.

Note that as the system nonlinearity o goesto zero, EQ.23 becomes identical to the linear equation
of Eq.14, except that V, in Eq.13 has been absorbed inL,, . There are three calibration parameters,
o, mand Ly, captured in Eg.24. The non-linearity o will be measured prelaunch at four FPA
temperature conditions mentioned above, and will be interpolated on-orbit based on the FPA
temperature. The other two parameters will be determined every scan by using the BB and SV
measurements as

_ T+ AN, - T+ 4oV,

2a(DLy, - DLg,) )
-1+ [1+4aV,
o=, (26)

and probably, pending analysis of PFM thermal vacuum testing data, afew scanswill be used to
obtain an averaged and therefore relatively constant m and L, over many scans.
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Thefina L1B band-averaged Earth scene radiance product is

- 1+ T+ 4oV, - 2aml,

L, = By, + , 27
e = Bhir 2amoR o (27)

which is applied on aper pixel basis. Indices describing the appropriate level of detail (pixel,
frame, scan number and mirror sides) are suppressed at this summary level. Note that aso. goesto
zero, Egs. 25-27 collapse to the corresponding linear equations 17, 18, and 20, by observing the
expansion of the square root to the first order of o, 1+ 4ox @1+ 20x, and linear equation offset
V&= mL,.

The linear calibration equations will be used asthe Level 1B emissive infrared band baseline
calibration equations band by band. 1n the instance where we cannot achieve the required accuracy
with alinear formulation for aband based on the thermal vacuum data, a quadratic calibration
equation will be implemented. The details of the implementation of Eq. 23is TBD.

3.2.1.2 Conversion from MODI S Counts to Detector Preamplifier Output Voltage

The analog detector output is converted to digital counts by an Analog to Digital Converter (ADC).
Each of the ADCs is mapped by determining the digital output (12 bit) in response to precisely
controlled voltage increments from a 16 bit voltage supply source. This mapping will be
represented as prelaunch LUTS, incorporating the ADC nonlinearity effects. A combined LUT
representing these resultsis V,, { DN}, denoting the input voltage to an ADC with the given output
DN.

The A/D convertersfor the PV bands (ACE) areidentical in design to those used for the reflected
solar bands. There are two ACEs for the PV bands, one for bands 20-26 and another for bands
27-30. The PC bands have individual ACEs. The ACE for each PC band has fewer channelsto
digitize, so they can operate at slower speeds and are more linear than those used in the PV bands.

For the PV bands, the digital counts to voltage transfer equation is

VPV = M EAVAN (28)

* T GGGG,

where four gain factors and one DC restore voltage value (continuously adjusted by an on-board
software algorithm and reported by telemetry) are applied. G,, G, and G, are fixed hardware
values, and G, can be changed by command uploads to periodically restore the output dynamic
range to specified values. G, also appearsin the telemetry.

For the PC bands, the digital countsto voltage transfer equation is

PC _ VA/D{ Dl\L}

V.
GG,

- Voo, (29)

where
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Vi = VD—GTZ +Vpe1, and two fixed gain factors and DC restore voltages are applied.

Errorsin our knowledge of either the gain or the DC restore with not impact the uncertainty of the
radiance product from Eqg 20 so long as the gain and DC restore do not change over the period that
the slope m is computed, i.e., usually a single scan line.

3.2.1.3 The Calibration Transfer

MODIS uses an aluminum v-groove blackbody mounted inside the scan cavity asits emissive
infrared band on-board calibrator. The radiometric calibration transfer to the BB is accomplished
by determining the effective BB emissivity and temperature using the prelaunch BCS standard.
The basic calibration transfer equation can be expressed as

H source model meas nom bb bb
mmlLBcs (Bv8 Bcs  TBCs )' LII_BlCi(Bl’E;B_ +Deg,, Ty, +DTBand_iX (30)

The optimization is accomplished on a band-by-band basis. The label bb is used as reference for
parameters of on-board blackbody. Strategiesto accomplish this optimization are reviewed in
Table 3.2.1.3.
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Table 3.2.1.3: BCSto MODIS- Infrared Calibration Transfer

Candidate M ethods

Goal: Minimize |L3%*(B,e g, Toce) -

BB_nom bb bb
(BpSB1 +Deg,, Ty, +DTBand_iX

Method Description Comments
Select nominal emissivity values, Errorsin eg ™" are absorbed in
€5 for each band using OBC BB DTam |
1 model and BB coupon emissivity DTawa ; arenot physically meaningful
measurements. [ Deg = O] : in terms of difference between bulk
bb . . temperature and skin temperature, but
Vary DTg,,_;t0 achieve best fit and perhaps capture the effective BB
apply this correction term as a constant temperature considering all contributing
pending updates from vicarious SOUrCES.
calibrations.
Use OBC measured bulk temperature, Errorsin the OBC BB bulk
5 T, (average of 12 thermistors during temperature, T,,, are absorbedin
calibration collect). | DT, ;= 0. Del
Vary Dep” to achieve best fit and Dey are not physically meaningful in
apply this correction term as a constant terms of actua emissivity values, but
pending updates from vicarious perhaps capture the effective BB
calibrations. emissivity considering all contributing
SOUrces.
Determine a constant value for Tendsto solve for the best physical
DT, . for al bands by applying the vaue of the difference between the BB
B nom bulk temperature and effective skin
3 nominal emissivity, eg, " tothe temperature using the highest SNR and
above transfer equation for only the most temperature sensitive bands.
bands near the peak of the Planck bb - - -
curve (e.g., Bands 39-31). Deg, arenct phys_lcglly meaningful in
. bb terms of actual emissivity values, but
Applying the constant, DT" , perhaps capture the effective BB
determinetherequired De g, values emissivity considering al contributing
to achieve calibration transfer. SOurces.
Simultaneously vary both De > and Provides more degrees of freedom to
bb - satisfy the transfer equation across al
4 E.)TBa"d-i for each band to ?Ch' eve best bands and for al BCS radiance levels.
fit and apply these correction terms as . .
constants pending updates from M a{bbe se\/eralbbsol utions (pairs of
vicarious calibrations Deg and DTg,, ;) tothetransfer
eguation.
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3.2.1.4 Summary of the Calibration Parameters

For the purpose of ssimplicity, the detail levels of indices are suppressed when the top level of the
calibration equations were presented in the previous sections. In this section, asummary of the
calibration parameters and their associated indices and properties are discussed in Table 3.2.1.4.

Table 3.2.1.4. Summary of Calibration Parameters, Types and I ndices

Parameter Description Parameter Notation Type Index
Relative Spectral Resp. R, 1 B
Scan Mirror Refl. @ bb, sv r., (s=bb,sv) 1 B,MS
Scan Mirror Refl. @ ev Mo 1 B,MS,F
OBC BB emissivity& offset €y Dy, 1 B
OBC BB temp correction DT, 1 B
System gain or linear coef m 3 D,S
Background radiance L, 3 D,S
System RVS @ EV sector D, 4 B,MS
FPA voltage @EV,BB,SV V. (s=ev,bb,sv) 3 D,F
Thermistor reading of Temp T, (s=mir,bb) 5 S
DN values @ EV,BB,SV DN, (s=ev,bb,sv) 5 D,F

where, D=Detector, B=Band, MS=Mirror Side, F=Frame, S=Scan, and

Type 1: Pre-launch measured or model-estimated variables, represented as Look-Up-Table (LUT).

Type 2: Pre-launch measured and post-launch interpolated (or extrapolated) variables.

Type 3: On-line scan-by-scan measured variables.

Type 4. Off-line measured variables via S/C maneuver observing space through Earth aperture; the
data are based on witness sample measurements of the scan mirror until the deep space
maneuver is accomplished.

Type5: Telemetry data.

3.2.2 Uncertainty Analysis

The radiometric uncertainty of the MODIS emissive infrared band calibration is derived in aformal
way asasmall perturbation about nominal values and is summarized as

2 2 2 2
ablo _ |@ls  alg s ks (31)
L P °L ﬂalg aitm € L Pusrecs € L Poosiak € L st
a lgorithm- based NIST - BCS Scene- dependent
estimate radiance- transfer (not-included- in-V 2.0- L1B

The agorithm-based term is the sum of the individua contributions of the L1B emissive infrared
calibration parametersto the EV radiance calculations; see Table 3.2.1.4. Thefinal uncertainty
product will be converted to adimensionlessindex value (2* gray levels). Thisarrangement isto
provide an efficient aswell as space-saving agorithm to calculate the L 1B radiance uncertainty
product on a pixel-by-pixel basis.

A model of MODI'S output was generated using a center wavelength based analysis and an
estimation of the radiometric uncertainty for each band was then determined for typical scene
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radiance. Tables 3.2.2 and 3.2.3 show a summary of these results for each of the MODIS
emissive infrared PV and PC band, respectively. Some of the parameters, w_,, wg, T, and
T, @€ not listed in Table 3.2.1.4, because they are associated with stray-light problems, and the

magnitude of their contribution needs further investigation. They will be discussed in Section
3.2.3.1.
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Table3.2.2 Typica Radiance Uncertainty Contributions and RSS Tota for PV Bands
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Table 3.2.3 Typica Radiance Uncertainty Contributions and RSS Total for PC Bands
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3.2.3 Constraints, Limitations and Assumptions

The emissive infrared band calibration algorithm assumes an amost perfect instrument without
addressing any detector noise (1/f noise in particular) and instrument spurious effects. The
MODIS instrument likely will not behave in such ideal way, and the L 1B emissive agorithm will
have to include many correction termsin order to meet the specification of the emissive infrared
band calibration accuracy. The algorithm described above represents the relatively well understood
“clean” part of the MODIS instrument. Detector noise and instrument spurious effects still need
further investigation. In addition model validation must be done; the strategy for doing thisisto
make use of the prelaunch thermal vacuum test data and post-launch data.

In this section, instrument spurious source corrections will be discussed based on current
understanding of the problems.

3.2.3.1 Instrument Spurious Source Corrections

In general, each of the measured at-aperture radiances, represented by Eqg.23 with ev replaced with
sv and bb, will be contaminated by radiation from sources other than the nomina “within-the-
Field-of-view” scene radiance. These spurious contamination sources, to the extent that they are
determined to be significant by characterization or modeling, can be accounted for by making the
following identifications:

L, ev g Lev + I‘evemi ss(Tcav) + Levscen e_refl (Tscen e) (32)
L, sV g LS/ + I‘Svemi ss(Tcav) + I-svscene_r efl (Tscene) (33)
L bb —L bb + Lbb emi ss(Tcav) +L » scene_refl (Tscen e) (34)

where the first terms on the right-hand-side designate the nominal radiance as seen by EV, SV, and
BB respectively, L. and L ... . represent the radiance from cavity emission sources and scene
radiance sources scattered or reflected into the MODISFOV, and T, and T, represent the scan
cavity and scene temperatures, respectively.

During the spacecraft maneuver to view deep space through the Earth aperture, the Earth scene
spurious radiance source terms will be zero, enabling measurement of the cavity emission spurious
sourceterms. To the extent that cavity temperature dependent contamination source terms are
measurable as aresult of the deep space view maneuver, corrections terms can be incorporated into
the algorithm. Unique measurement of the scene temperature dependent terms is more difficult.
Thiswill require careful assessment of instrument performance in response to specific scene
contrast features.

Preliminary analyses indicate that the effects of some of these spurious terms are negligible; others

are still to be determined (using PFM test data) and therefore not included in the current correction
algorithm. The current correction algorithm uses asimpler version of Egs. 32-34,

L', —L,, (35)

L’S\/ _>LSV +LSV Tcav) ! (36)

emi ss(
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L’ bb g Lbb + Lbb (T +Lbbscene_ref| (Tscene) (37)

emiss cav)

The correction term identified for the space view (EQ.36) is incorporated as a weighting factor
applied to the Planck function for the space view surround temperature, characterized by the
temperature of the Space Analog Module (SAM) eectronics, Tg,,

L’ sv _>LSI + W&amLca\KTSAM) (38)
wherew,_, . isdetermined initially from modeling estimates.

The correction termsidentified for the BB are incorporated as weighting factors applied to the
Planck function for the cavity and scene temperature, respectively,

L’ bb _>Lbb + Wca\J-ca\KTcav) + WsceneLscene(Tscene) (39)

wherew_,, and w, are determined initially from modeling estimates. This formulation treats the
blackbody reflection of scene radiance into the MODIS FOV as an effective diffuse process, thus
enabling asimpler correction process.

3.3 Practical Considerations

The Level 1B processing in the routine production environment requires access to three contiguous
Level 1A filesin order to correctly handle averaging, statistics and calibration at the beginning and
end of thefile being calibrated. The production rules specify this requirement for execution at
DAAC.

The L1B reflective band calibration dataflow diagramis:

Reflective LUTs

AN Calibrated 250m EV file
. Appl 500m EV il
Reflective Solar Band DNs Correct for\ DNs, Remove DN Refﬁa‘;g\/e —>m e

»{ A to D Non-

to Output ) 1km EV file
linearity

F t J—2
ormat / SeCieng file
—

Zero Offset Calibration

oefficienty

OBC/Eng Statistics

The L1B emissive band calibration data flow diagram is:

Emissive LUTs

Calibrated 250m EV file

3.3.1 Programming Considerations

The software implementation of the algorithm takes into consideration efficient use of computing
resources and ease of maintenance in the production environment. The software system makes
extensive use of 1ook-up tables generated in the CROM instead of direct computationsin the
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production system. This technique reduces CPU requirements in the production environment by
moving computation of stable or dowly varying terms out of the time-critical production stream.
This technique also minimizes changes to the production code in the instances where MCST is
uncertain about either the instrument effect or the method to compute the calibration equation and
parameters to describe the effect. Changesto instrument characteristics or to the way these
characteristics are determined are provided as updated input datasets rather than new versions or
releases of the production software. These tables are sized to include expected parameter ranges
with aresolution determined to minimize both interpolation errors and software memory use.

3.3.2 Quality Control and Diagnostics

The Level 1B production software monitors and reports many conditions which may effect the
calibration coefficients, and therefore the calibration of the data. The reporting function is carried
out using a combination of data flags and messages written to the Level 1B processing log.

Invalid data fields are identified within the Level 1B product. The datain afield ismarked as
invalid for the following reasons:

it was flagged as missing from the Level 1A dataset;

the detector is dead;

the value was saturated;

there was acdlibration failure;

the radiance was too low to calculate;

there was coherent Space View (SV) noise;

the number of outliersin the SV data exceeded the maximum;
there was amirror side difference in the SV data.

Granule level metadata contains information about the quality of the data within the granule. Four
searchable fields store indicators of routine or non-routine instrument operations; good, margina
or bad calibration data quality; nadir or non-nadir pointing attitude; and Activation and Evaluation
(A&E) or post A& E mission phase. Non-searchable fields describe

Number of Scans

Number of Day mode scans
Number of Night mode scans
Incomplete Scans

Max Earth View Frames

%Valid EV Observations
%Saturated EV Observations
Post Processing Indicates Bad data
Electronics Redundancy Vector
Reflective LUT Last Change Date
Emissive LUT Last Change Date
Focal Plane Set Point State

In addition, each scan has a set of flags to indicate

Moonin SV Port
Spacecraft Maneuver
Sector Rotation
Negative Radiance
Beyond Noise Level

May 1997 43



Algorithm Theoretical Basis Document MCM-ATBD-01-U-DNCN

PC Ecal on

PV Eca on

SD Door Open

SD Screen Down

SRCA On

SDSM On

Outgassing

Instrument Standby Mode
Linear Emissive Calibration
DC Restore Change
BB/Cavity Temperature
Differential

BB Heater On

Missing Previous Granule
Missing Subsequent Granule

M essages describing these conditions are written to the message |ogs using the Status Messaging
Facility (SMF) supported in the Science Data Processing Tool Kit (SDPTK). TheLeve 1B
Product Specification contains a detailed description of these fields.

3.3.3 Exception Handling

Exception handling in the Level 1B production software is designed for reliable data processing.
The volume of data and the time constraint on availability of the output for downstream processing
makes it essential that exceptions are handled in such away that processing may continue if at all
possible. Only catastrophic failures will terminate execution. All other exceptions are handled by
flagging, and reported in the processing log. MCST will monitor the types and frequency of
exceptions that occur during routine Level 1B data production. Thisinformation will be used to
improve the calibration algorithm and the software.

The averaging agorithm used for SV data, BB data and thermistor data uses a predetermined
number of scansin amoving window. If thereisdata drop out, or if the Level 1A fileswhich
precede or are subsequent to the file to be calibrated are not available for processing, the prescribed
number of scansfor averaging will not be available near these data edges. This algorithm handles
edges of data by starting with the first available scan and increasing the number of scansused in
the average until the specified number of scans can be used. The uncertainty index isincreased for
each scan that was calibrated using averages calculated from fewer than the required number of
scans in the window.

Handling of the averaging algorithm and the calibration when DC Restore takes place, when DC
Restore occurs when the moon isvisible in the SV port, and when DC Restore is commanded of f
so that the SV measurements are allowed to drift and reduce the dynamic range, is TBD.

Data acquired during non-routine instrument operations, spacecraft maneuvers, and other non-
standard operating scenarios will be analyzed by MCST in the CROM facility. The methodology
and results of these analyses will be made available to the user community by way of the internet
and the World Wide Web.

3.3.4 Output Product

The instrument measurements stored in the output product are in the form of an integer, N, along
with three pairs of scale and offset values which may be applied to the value of N to obtain the
radiance, the reflectance product, and the corrected raw counts (DN*). The basisfor calculating
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the scale and offset values is the instrument specification for each band. This basiswill not change
over thelife of the mission, so that the mapping of the integer, N, to the reflectance product and the
radiance product for the emissive infrared bands is unique throughout the mission.

The reflectance product is relevant only to the solar reflected bands data sets. The scale and offset
values are contained in the metadata. Trending analysis on the scale and offset valuesto convert N
to DN* will allow the user to know when the system calibration parameters have been changed,
except that scale factor must be adjusted for changes in the Earth-sun distance.

For each of the 330 detectorsin the solar reflective bands 1-19, and 26, the L 1B calibration

product consists of the Earth scene spectral radiance, aong with its associated uncertainty index,
and areflectance product which is the Earth scene BRF multiplied by the cosine of the scene zenith
angle. The Level 1B emissive band product consists of the apparent Earth scene spectral radiance
for each scene radiance, along with its associated uncertainty index. Negative radiance values
attributed to noise suppression and space view surround radiance can occur. These negative values
are useful for subsequent analysis and will be carried and not converted to zero.

Emissive calibration is either linear or non-linear on a per-band basis. The calibrationislinear
unless pre-launch testing has demonstrated that at least one detector in a band responds non-
linearly. If any detector in aband behaves non-linearly during testing, al detectorsin the band are
calibrated using the non-linear form of the equation.

A conversion table which can be used to transform the emissive radiometric product to an effective
scene temperature will be available as a separate product from the GSFC DAAC.

The radiance uncertainty index for each pixel isa4 bit index and is defined in terms of amultiplier
applied to the instrument specifications. The uncertainty is recorded as an index which includes
MCST’ s complete and best understanding of the flat-field uncertainties for that pixel. The index
trandates to an uncertainty value by use of the formula

exp(Uncertainty Index/2) = +Uncertainty Range Multiplier Vaue.

Specificaly,
(DL/L) = (Accuracy requirement for the band) * (Uncertainty Range Multiplier)
The uncertainty is carried in the one-sigma sense. Thisindex can be considered a Risk Index

describing the use of the Level 1B data. An Uncertainty Index of 7 indicates that the uncertainty
has not been computed.

An additional index of 4 bitsis reserved for each pixel for a scene contrast uncertainty. The details
of thisindex are TBD. The output product is defined in greater detail in the MODIS Level 1B
Product Specification and the MODIS Level 1B Product User’s Guide.

4. OFF-LINE ANALYSISCONTRIBUTION, VICARIOUS CALIBRATION,
MONITORING/TRENDING, AND CONSTRAINTS

T/V TEST ANALYSES

Thermal Vacuum testing is the closest the instrument gets to being in the environment it will see on
orbit. Assuch, itisthe only time that the radiative cooler and thermal bands operate as we expect
in normal operations. SBRS ran multiple tests during T/V to characterize the instrument in its
"operationa state" and collect parametersthat are impossible to collect once the instrument is
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launched (like non-linearity, LWIR spectral shape, etc.). In addition, these tests are used to
demonstrate specification compliance.

MCST uses the datafrom Thermal Vacuum in two ways. Firgt, the instrument data are used as test
data setsfor the algorithm. Second, many of the parameters required by the Level 1B code are
calculated using these test data sets.

Particular studiesthat will be performed on the thermal vacuum data sets include ng the need
to use anon-linear algorithm for the PC emissive infrared bands, ng the sensitivity of the
SWIR bands (HgCdTe detectors) to sensor thermal background, temperature sensitivity for the
electronics and non-uniform sampling of Bands 1-7 (the sub 1-km bands). Other studies with the
thermal vacuum include assessment of 1/f noise within the context of our ATBD equations and the
adequacy of asingle RSR per band in comparison to a unique RSR per detector. The assumptions
in section 3.2.3.1 on instrument spurious scattering will be validated. No crosstalk errors or
correction agorithms are included in the ATBD Version 2.0; that principle will be validated with
thermal vacuum data.

Uncertainties due to water vapor and other atmospheric constitutes must be investigated in the
spectral and radiometeric data.

4.1 Vicarious Calibration

An Overview

MODIS has a set of challenging requirements for radiometry and for other measurements (see
Appendix C). These requirements are imposed by the science needs of the Level 2 products
derived from MODIS. In order to assure these science needs are met it is beneficial to have
available several independent methods to establish and verify important components of the
instrument calibration throughout the mission. Vicarious calibration (VC) that provides the critical
independent determinations of radiance or reflectance at the MODI S aperture for a given detector at
aspecific time. Combining ground/aircraft radiance measurements with the instrument responsein
counts provides the independent responsivity determinations needed to verify or modify the

MODIS calibration.

Vicarious methods are reliable because they exercise the operational imaging mode of the sensor
and implicitly account for size of source effects. However such calibrations are made much less
frequently than on-orbit calibrations and usually yield much fewer data points (order of magnitude
of 10 TOA radiances per field campaign).

The SRCA iscrucial to many on-orbit characterization studies for MODI S, and these are described
in aspecific SRCA section at the end of Section 4.

4.1.1 Vicarious Calibration and the MCST Strategy

The application of vicarious calibration measurements to the MODI S reflective band calibration
agorithm is accomplished viathe multiplicative correction factors, K| 5 (EQ5) and R, 55
(Eq 8). Inthethermal bands the information from vicarious calibration will be used to change
temperature offsets of the average BB and cavity temperatures. Vicarious calibrations are expected
to be most useful for checking overall radiometric scales. Tables4.1 and 4.2 describe the primary
utility for vicarious calibrations for spectral, spatial, and radiometric calibration and
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characterizations. These tables are preliminary, and will be expanded with more measurements and
supporting detail in aValidation Plan.
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Table 4.1

Vicarious Calibration Matrix
Reflected Solar Bands

Spectra Spatial Radiometric
I
Radiance Reflectance
Band | Center Geo- Co- | Uncertaint | With-in  [Uncertaint | With-in
Wavelengt | location | registra| y Orbit y Orbit
h tion Stability Stability
1 B D F G,H,I,.L J o N
2 B D F G,H,I,.L J O N
3 A D F G,L J @] N
4 A D F GH,IL J @] N
5 C E F L J O N
6 C E F L J O N
7 C E F L J o N
8 A D F L J O N
9 A D F L J M,0O N
10 A D F GH,IL J O N
11 B D F G,H,I,.L J O N
12 B D F G,H,I,.L J M,0 N
13 B D F H,I,L J M,0 N
14 B D F H,I,L J O N
15 B D F H,I,L J O N
16 B D F H,I,L J M,0O N
17 B D F H,I,L J O N
18 B D F H,I,L J O N
19 B D F G,H,I,.L J o N
26 C E F L J O N
A: SRCA Spectral Mode, center wavelength uncertainty less than 0.5 nm
B: SRCA Spectral Mode, center wavelength uncertainty between 0.7 and 0.8 nm
C: SRCA Spectral Mode, center wavelength uncertainty between 0.5 and 1.0 nm
D: Geolocation navigation with single band from VIS, NIR focal planes. Reference
) geolocation can be validated for other bands on VIS, NIR focal planes, and
through co-registration from SRCA spatial
E: Geolocation using co-registration between geolocated band from VIS, NIR focal
' plane and SRCA spatial
F: All bands, all channels co-registered using SRCA spatial for scan direction, and
) band centroid in track direction
G: Land surface vicarious calibration methods such as performed by Slater
H: Ocean surface vicarious calibration methods such as performed by Clark
|- High altitude aircraft underflights such as performed by Abel
J: SRCA radiometric mode, 10W and 1W lamp, in continuous operation
K: Assessed with uncertainty of radiance product and comparison of irradiance
’ measurements from SD to solar spectra irradiance standard spectra
L: SDSM tracking of SD stability
M: Comparison with MISR and OCTS radiance
N: Comparison with reflections from the moon
O: Comparison of MODIS solar spectral irradiance with published values of the

same
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Table 4.2
Vicarious Calibration Matrix
Emissive Infrared Bands
Spectra Spatial Radiometric
I
Band | Center Geo- Co- [ Uncertaint | With-in  |Non-
Wavelengt | location | registra| y Orbit Linearity
h tion Stability
20 A B D ? E G
21 A B D ? E G
22 A B D ? E G
23 A B D ? E G
24 A B D ? E
25 A B D ? E G
27 A C D ? E
29 A C D ? E
30 A C D ? E G
31 A C D F E G
32 A C D F E G
33 A C D ? E G
34 A C D ? E
35 A C D ? E
36 A C D ? E
A: No established techniques; Fourier transform interferometry systems from

) Wisconsin may be studied as a research activity to validate the prelaunch

characterization in some bands
B: Geolocation using co-registration between geolocated bands from VIS, NIR; these
’ bands are on the same focal plane as Band 7 for which direct validation or
registration is available

C: Geolocation using co-registration between geolocated band from VIS, NIR focal
' plane and SRCA spatial

D: All bands, all channels co-registered using SRCA spatial for scan direction, and
) band centroid in track direction

E: All bands use on-board blackbody and space view on each scan line

F: Comparison with ATSR, AERI and other radiometer radiances

G: Non-linear behavior of band validated over useful radiometric range using on-

' board black-body in elevated temperature ranges. Category selected for all bands
with a L, equal to or greater than expected temperature of scan mirror and scan
cavity beginning of mission

2 To be determined

After launch, MCST will regularly convene apanel of experts, representing the Science Team, to
review the instrument calibration status. This panel will include expertsin both reflected band and
emitted infrared band vicarious calibration techniques, experts on the characteristics and preflight
calibration of the MODI S instrument, and MCST members familiar with the algorithms used in the
Level 1B MODIS processing. The panel will provide recommendations to the Science Team
Leader. Implementation of the changes to the algorithm and calibration parametersisthe
responsibility of the MCST Leader working for the Science Team Leader.
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The panel will review responsivities as functions of time for all of the bands as determined by the
OBCs and by vicarious data sets. Useful data sets will be those shown to possessinternal
consistency, that include uncertainty estimates, and are traceable to NIST or other EOS approved
standards.

Before changes are introduced in the MODI S calibration and characterization parameters MODIS
will test the impact of these changes on the upper level products. These changes will be checked
through the use of test data sets distributed to Level 1B product users.

A&E Acitivities and Analyses

Theinstrument will be turned on afew days after nominal orbit is reached. The draft Activation
and Evauation Phase MODI S early operations activity is shown in section 2.4.2. This schedule
describes the current understanding of the sensor operations for the initial 17 weeks of on-orbit
operations

This activation will provide useful datafor bands 1-4 and 8-19. The radiometric calibration will
initially be the prelaunch value. Regular measurements with the SD will start immediately at sensor
turn on. During this phase the operation, repeatability, and stability of the MODIS OBCs and the
techniques devel oped to use them will be verified. Data trending, comparisons, and statistical
analyses will beginin this phase and will continue throughout the mission to improve instrument
characterization and calibration.

Validation of pg, in Equation (11) will be assessed in part by comparison of E o, fromEq. 9
with published curves of the solar spectral irradiance in these wavelength regions. Uncertainty in
comparison between E,, sz and the published literature will result (in decreasing order of
probability) (1) in unaccounted scattering effects in the solar diffuser port, (2) in uncertainty in the
l[aboratory measurement of pg, , (3) in changesin the characteristics of the SD from the preflight

characterization, (4) in an error in EqQ.7 to compute L, or (5) in **an error in the published
literature for the solar spectral irradiance.

Flat-fielding approaches (detector equalization within a band) using the solar diffuser for the
reflective solar bands, and using the blackbody for the emissive infrared bands, will be checked
with “bow-tie” effects using real scenes. Bow-tie effects are derived from the scene scanning
geometry that leads to awidening of the ground instantaneous field of view at larger scan angles.
Detectors from adjacent bands will overlap (with different mirror sides), looking through almost
identical atmospheric paths. These overlapswill alow for validation of the detector equalization
constants under differing spectral distribution of the scene radiance, alow for validation of using a
single RSR for all detectorsin aband, and validate the co-registration from the SRCA spatia mode
observations.

When the OBC stability and performance have been verified and the approaches reviewed by the
Science Team, the SD measurements will be incorporated into the degradation a gorithm
automatically. If improvementsin sensor sensitivity to temperature variations are devel oped
through early on-orbit operations of the SRCA, these improvements will be incorporated
immediately.

The cooler door will be operated about 45 days into mission operations. The BB and SV will be

used for the emissive infrared calibrations immediately, based on the BB effective emissivity
determined during system prelaunch thermal vacuum testing.
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Vicarious calibration measurements will be used to validate the sensor product. Coincident
measurements will be compared to the data product to validate the characterization and calibration
of MODIS.

For MODI S data associated with lunar vicarious measurements a dightly different processis
required. The lunar data are collected through the SV port rather than the EV port. When lunar
mode starts, the zero radiance level determined from the SV will be frozen and maintained for the
duration of the lunar mode, during which time the DN values of the SV datawill be treated like EV
data. Radiance and reflectance values will be calculated, applying the standard calibration formulas
with the current responsivity valuesin both the reflected and emissive bands with the frozen
background subtraction values. Radiance and reflectance uncertainty estimates will be calculated in
the same way that they are calculated for EV data. The datais processed off-line. In some
instances spacecraft maneuvers are required to provide quality lunar views through the space view
port.

Trending, Monitoring, and Quality Assurance

Monitoring and trending in-orbit performance serves two purposes.

* jtisaquality assurance function: observing and analyzing the daily behavior of alarge collection
of instrument parameters to ensure that the calibration is maintained over the life of the instrument,
and to keep up-to-date on the health of the instrument,

* it provides the EOSDI'S archive with a historical record accessible to the entire science
community.

Time series are sometimes influenced by unknown interruptive events which, in turn, create
spurious observations (outliers) that are inconsistent with the rest of the series. Furthermore
outlierswreak havoc in data analysis, making resultant inferences unreliable or eveninvalid. Itis
important to have procedures in place to detect and remove outliers.

Basdlines regarding the health of the instrument and the health of the data will be created during
A&E activities. MCST will trend and monitor these baselines throughout the mission. In
particular collecting, analyzing, and interpreting al of the OBC time series data, the thermistor time
series data, time series associated with spatial, spectral, and radiometric behavior, and other
engineering datawill be accomplished for the purpose of providing a continuous screening
mechanism for the detection of anomalous behavior. Knowing the answer to the question "when
did achange of this particular kind occur?' naturally leads to the question "why did it occur?

Results of these activities and studies will be reported to the MODI S Science Team through
reports, memos, and presentations.

THE SRCA

The SRCA isapartia aperture, multi-mode (radiometric, spectral, spatial) calibration instrument
that provides spectral calibration and radiometric calibration of the VIS, NIR, and SWIR bands. In
addition the SRCA can track the band-to-band registration of all bands and establish geometric
coregistration of them along track and along scan.. In the radiometric mode, the instrument

response from 0.4 nm to 2.1 nmistracked compared to prelaunch behavior with one 1 watt and
up to three 10 watt lamps.

The SRCA processing is done off-line.
The Radiometric Mode
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The objectives of the SRCA radiometric mode are:
1) Track changesin radiometric characteristics within orbit.

Radiometric stability of the SRCA source sub-assembly can be assessed either using aradiance
controlled method in feedback from a photodiode embedded in the miniature spherical integration
that houses the SRCA lamp sources, or by operating the lamp sources in a constant current mode.

The Spectral Mode

The Spectral mode is used to characterize spectral shiftsin the reflected solar reflective bands.
Evidence from precursor instruments suggests that such spectral shifts can occur during insertion
into orbit and during on-orbit operations. The spectral response of the MODI'S system is measured
prelaunch for al bands, using an external double monochromator/collimator system which fillsthe
full MODI'S aperture.

The spectral calibration is operable for VIS, NIR, and SWIR bands (1-19, 26) athough it isless
accuratefor| > 1 nmm.

The wavelength registration of the SRCA monochromator is checked on-orbit by matching with
transmission lines of a didymium glass filter within the SRCA. A complete spectral scan with the
SRCA will take 70 minutes, and would be subject to error if the lamp output was not stable during
this period. Consequently changesin lamp output will be tracked using a silicon photodiode
housed in the central obscuration of the SRCA output tel escope.

Ground testing has demonstrated that the photodiode in the output telescope is contaminated by
earth scenes during the daylight portions of the orbit. Consequently, the spectral calibrations with
the SRCA will be limited to the night portions of the orbit, will require special data operations of
MODISto collect reflected solar bands as they are being calibrated, and the “ 70 minute” operations
will be broken into several sequences which fit into the about 40 minutes of eclipse data periods.

The Spatial Mode

The spatial location accuracy has two aspects. (1) the accuracy of the geolocation for asingle
reference band, and (2) the accuracy of the coregistration of other bands relative to the reference
band. The geolocation accuracy will be improved by SDST during the A& E phase using ground
control points. The processis described in ATBD MODO3.

During prelaunch activities Ground Support Equipment (GSE) measures the position along scan
and aong track of each MODI S detector. The SRCA a so measures the apparent relative position
along-scan for each detector and the centroid position along-track for each band. These dataare
used to spatially calibrate the SRCA against the GSE. Correction coefficients are computed which
account for the partial illumination SRCA aperture.

During on-orbit activities the SRCA senses the relative position shifts in the along-scan direction
for each detector and the centroid shiftsin the along-track direction for each band. The
misregistration is computed using on-orbit data and comparing it with the pre-launch detector
position.

Details of the SRCA and the calibration algorithm are documented in [Montgomery and Che, 1996].
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5. APPENDIX A: PEER REVIEW BOARD ACCEPTANCE REPORT

This page intentiona left blank.
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6. APPENDIX B: MODIS SPECTRAL BANDS SPECIFICATION

BAND | IFOV Bandwidth | PURPOSE (Examples)

LAND AND CLOUD BOUNDARIES/PROPERTIES BANDS
1 645 nm 250 m 50 nm Veg. Chlorophyll Absorption
2 858 nm 250 m 35 nm Cloud and Veg. Land Cover

Transformation
3 469 nm 500 m 20 nm Soil, Vegetation Differences
4 555 nm 500 m 20 nm Green Vegetation
5 1240 nm 500 m 20 nm L eaf/Canopy Differences
6 1640 nm 500 m 24.6 nm Snow/Cloud Differences
7 2130 nm 500 m 50 nm Land and Cloud Properties
OCEAN COLOR BANDS
8 412 nm 1000 m 15 nm Chlorophyl|
9 443 nm 1000 m 10 nm Chlorophyl|
10 488 nm 1000 m 10 nm Chlorophyl|
11 531 nm 1000 m 10 nm Chlorophyl|
12 551 nm 1000 m 10 nm Sediments
13 667 nm 1000 m 10 nm Sediments, Atmosphere
14 678 nm 1000 m 10 nm Chlorophyll Fluorescence
15 748 nm 1000 m 10 nm Aerosol Properties
16 869 nm 1000 m 15 nm Aerosol/Atmospheric Properties
ATMOSPHERE/CLOUD BANDS
17 905 nm 1000 m 30 nm Cloud/Atmospheric Properties
18 936 Nnm 1000 m 10 nm Cloud/Atmospheric Properties
19 940 nm 1000 m 50 nm Cloud/Atmospheric Properties
THERMAL BANDS
20 3.75 um 1000 m 0.18 um Sea Surface Temperature
21 3.96 um 1000 m 0.059 ym | Forest Finfraredes/V ol canoes
22 3.96 um 1000 m 0.059 um | Cloud/Surface Temperature
23 4.05 um 1000 m 0.061 um | Cloud/Surface Temperature
24 4.47 um 1000 m 0.065 um | Tropospheric Temperature/Cloud Fraction
25 4.52 um 1000 m 0.067 mm | Tropospheric Temperature/Cloud Fraction
26 1375 nm 1000 m 30 nm Cinfraredrus Cloud Detection
27 6.72 pm 1000 m 0.36 um Mid-Tropospheric Humidity
28 7.33 um 1000 m 0.30 um Upper-Tropospheric Humidity
29 8.55 um 1000 m 0.30 um Surface Temperature
30 9.73 um 1000 m 0.30 um Total Ozone
31 11.03 pm 1000 m 0.50 pm Cloud/Surface Temperature
THERMAL BANDS

32 12.02 pm 1000 m 0.50 pm Cloud Height & Surface Temperature
33 13.34 um 1000 m 0.30 um Cloud Height & Fraction
34 13.64 um 1000 m 0.30 um Cloud Height & Fraction
35 13.94 um 1000 m 0.30 um Cloud Height & Fraction
36 14.24 pm 1000 m 0.30 um Cloud Height & Fraction
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Absolute radiometric calibration accuracy

(lo@L,,,) with uniform scenes

<3um +5%
>3um, except bands 20, 21, +1%
31, 32
Band 20 (3.75 um) +0.75% (Goal £0.5%)
Bands 31 (11.03um) & 32 +0.5% (Goal £0.25%)
(12.02 pm)
"High" band 21 (3.96 um) +10% (Agreed w/ SBRC)
--Not in Spec
"High" bands 31hi, 32hi +10%
Reflectance (Targetr at TOA) +2%
Stability of Radiance Ratio
Ratio of mean band responses +0.5% @ full scale
(max change In two week +1% @ haf scale
interval)
Spectral Characterization Accuracy
| <1, preflight +0.5nm where
[>1, preflight +0.5(1 /1 j)nm | ,=21.0pm
I <1, on-orbit  +1.0(I /I ;)nm | ,=0.412pm

MODIS Pointing Knowledge

Spatial Characterization

+30 arcseconds, 10

with reference to EOS AM-1 (£100m at nadinfrared)
Absolute AM-1 pointing +30 arcseconds, 10
knowledge (£100m at nadinfrared)
Coregistration
1km —> 1km +0.2 km (goal 0.1 km)
0.5km —> 0.5km 0.1 km (goa +0.05 km)
0.25km —> 0.25km +0.05 km (goal +0.025 km)
1km —> 0.5 km +0.2 km (goa £0.1 km)
1km —> 0.25 km +0.2 km (goal 0.1 km)
Bright Target Recovery & Associated Optical Effects

L —> L., (Reflective Bands) Output settlesto < +0.5%
L —> L, (Thermal Bands) within 2 km of entering L

max

regime

typ
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8. APPENDIX D: ACRONYMSAND ABBREVIATIONS

A/ID
A&E
AM-1
ATBD

HINFRARE
DS

IAC

IFOV
INFRARED
K
LWINFRAR
ED

MCST
MODIS
MTPE
MWINFRA
RED

NASA
NINFRARE
D

NIST

nm

ND

NOAA
NOSC

OBC

0o0OB

PC

PM-1

PV

RSS

SAM
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Anaog-to-Digital Converter

Activation and Evaluation

Ante Meridian EOS Platform

Algorithm Theoretical Basis Document
Astronomica Unit

Advanced Very High Resolution Radiometer
OBC Blackbody

Blackbody Calibration Source

Bi-Dinfraredectional Reflectance Distribution Function

Bi-Dinfraredectional Reflectance Factor
Combined Aperture Response Function
CARF aong-scan

CARF dong-track

Critical Design Review

Coastal Zone Color Scanner
Distributed Active Archive Center
Dinfraredect Current

Digital Number

Engineering Model

Earth Observing System

Earth view

Foca Plane Assembly

Ground Support Equipment

High Resolution Infrared Spectrometer

Integration Alignment Collimator
Instantaneous Field of View
Infrared

Kelvin

Long Wavelength Infrared

MODIS Characterization Support Team

M oderate-Resolution Imaging Spectroradiometer
Mission to Planet Earth

Medium Wavelength Infrared

National Aeronautics and Space Administration
Near Infrared

National Institute of Standards and Technology
Nanometers (10° meters)

Neutral Density

National Oceanic and Atmospheric Administration
Naval Ocean Systems Center

On-Board Calibrator

Out-of-Band

Photoconductive

Post Meridian EOS Platform

Photovoltaic

Root-Sum-Square

Space Analog Module
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SBRS
SD
SDSM
SDST
SeaWiFS
SiPD

SIS

SNR
SPMA
SRCA
SV
SWINFRAR
ED

TAC
TBD

TDI
TLCF
™

TOA
TRMM
TV
USGCRP
VIS
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Santa Barbara Remote Sensing

Solar Diffuser

Solar Diffuser Stability Monitor

Science Data Support Team

Sea Viewing Wide Field of View Sensor
Silicon Photodiode

Spherical Integrating Source
Signal-to-Noise Ratio

Spectral Measurement Assembly
Spectroradiometric Calibration Assembly
Space View

Short Wavelength Infrared

Test Analysis Controller

to be determined

Time Delay Integration

Team Leader Computing Facility
Thematic Mapper

Top of the Atmosphere

Tropical Rainfall Measuring Mission
Therma Vacuum

U.S. Global Change Research Program
Vighble
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10. APPENDIX F: LEVEL 1B OUTPUT FILE SPECIFICATION

The five types of metadata are Core, Archive, Product, Swath, and SDS. The Core, Archive and
Product metadata are stored as global attributes and the Swath metadatais stored asVdata. The

SDS metadata is stored as Science Data Set (SDS) attributes. The standard core granule metadatais
the same for the three resolutions: 250m, 500m, and 1000m.

Global Metadata

ECS Standard Core Granule M etadata
Stored as One ECS PVL String in xoremetadata.0=Global Attribute

Description Example
SHORTNAME "MODO02"
LONGNAME "MODISMCST 10/31/96, Level 1B Earth View

data, Version 2"

SIZEMBECSDATAGRANULE 400 (Obtained from system at runtime)
EASTBOUNDINGCOORDINATE 40.000000
WESTBOUNDINGCOORDINATE 15.000000
NORTHBOUNDINGCOORDINATE | 25.000000
SOUTHBOUNDINGCOORDINATE 10.000000
EXCLUSIONGRINGFLAG "N"

GRINGPOINTLATITUDE

(25.000000, 20.000000, 10.000000, 15.000000)

GRINGPOINTLONGITUDE

(20.000000, 40.000000, 35.000000, 15.000000)

GRINGPOINTSEQUENCENO

(1,2, 3, 4)

ORBITNUMBER

1234

RANGEBEGINNINGDATETIME

"2002-02-23T11:02:27.987654Z"

RANGEENDINGDATETIME

"2002-02-23T11:04:57.987654Z"

QAPERCENTINTERPOLATEDDATA

0

QAPERCENTOUTOFBOUNDSDATA

0

QAPERCENTMISSINGDATA

0

AUTOMATICQUALITYFLAG

"passed"”

OPERATIONALQUALITYFLAG

"not being investigated”

SCIENCEQUALITYFLAG

"not being investigated”

QUALITYFLAGEXPLANATION

"not being investigated”

REPROCESSINGACTUAL "processed once”
REPROCESSINGPLANNED "no further update anticipated”
INPUTPOINTER "L1A and Geolocation file name(s)"

ANCILLARYINPUTPOINTER

"Reflective.LUT, Emissive.LUT, sd.coeff.trend"

GRANULEPOINTER

"L1B_Gran (name of this output file from DSS)"

PROCESSINGHISTORY POINTER

"ECSreserved, static, logical ID number, TBD,
from PCF

OPERATIONMODE

"da>/”

MODISPRODUCTFLENAME

"L1B_Gran (name of this output file)"

PROCESSINGDATETIME

"2002-02-23T11:04:57.987654Z"

SPSOPARAMETERS

"The SPSO parameters (see database) for
all data contained in thisfile"
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The archive granule metadata is the same for the three resolutions: 250m, 500m, and 1000m.
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M ODIS Level 1B Archive Granule M etadata
Stored as HDF ECS PVL in :archivemetadata.0=Global Attribute

Description Example
ALGORITHMPACKAGEACCEPTANCEDATE "1997-01-01"
ALGORITHMPACKAGEMATURITY CODE "pre-launch”
ALGORITHMPACKAGENAME "MODO2V?2"
ALGORITHMPACKAGEVERSION "version 2"
INSTRUMENTNAME "Moderate-Resolution Imaging

SpectroRadiometer”
PLATFORMSHORTNAME "EOSAM1"
PROCESSINGCENTER "GSFC"
ROUTINEINSTRUMENTOPERATIONS “Y” or “N”

CALIBRATIONDATAQUALITY

“good”, “margina” OR “bad”

NADINFRAREDPOINTING

“Y” or “N”

MISSIONPHASE

“A&E" OR “post A& E”

The product granule metadata is the same for the three resolutions: 250m, 500m, and 1000m.

M ODIS Level 1B Product Granule Metadata
Stored as Native HDF Global Attributes

Description Format Example

"Number of Scans’ Int32 203

"Number of Day mode scans’ Int32 203

"Number of Night mode scans” Int32 0

"Incomplete Scans' Int32 14

“Max Earth View Frames’ Int32 1354

“Static Uncertainties’ float(38) | (?,...,?)

"%Valid EV Observations' float(38) |98.2,..., 87.1,..,46.0,...

"%Saturated EV Observations' float(38) |1.4,...,0.2,...,7.9,...

“Post Processing Indicates Bad data’ Int32(38) | 1=True; O=False

“Electronics Redundancy Vector” Int64 Onebit setto O for Side A or 1 for
Side B, for each programmable
component

“Reflective LUT Last Change Date’ string *1997-02-28T00:00:00”

“Emissive LUT Last Change Date” string “1997-02-28T00:00:00”

“Foca Plane Set Point State” Int8(4) 0=Running open loop

1=Set Point is 83 degrees
2=Set Point is 85 degrees
3=Set Point is 88 degrees
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Level 1B HDF-EOS Swath M etadata

Format i1sPVL, minimum size is approximately 2000 bytes, content TBD

"Level 1B Swath Metadata”
Written as Vdata with the Following Fields

Field Type | Typical value
Scan Number int32 Range 1 to 100
Complete Scan Flag int32 Complete=1, Incomplete=0
Scan Type char 32 "D"=day, "N"=night, "M"=mixed,
"O"=other

EV Sector Start Time float 64
Minfraredror Side int32 lor?2
Progranmed EV_Frames int32 1514
EV_Frames int32 1354
Nadinfrared Frame Number int32 677
Latitude of Nadinfrared Frame float -p/2to p/2 in radians
Longitude of Nadinfrared Frame float -p top in radians
Solar Azimuth of Nadinfrared Framp float -31460 to 31460 1n 0.1 mrad
Solar Zenith of Nadinfrared Frame float 0t0 31460 1n 0.1 mrad
IC_;?itir&Jde of Last Frame Away from float -p/2top/2 inradians
Longitude of last Frame Away float -p top in radians
from Glint
No. thermistor outliers int32 Range Oto 12
Bit QA Flags int32 1=True; O=False

Moon In SV Port bit 0

Spacecraft Maneuver bit 1

Sector Rotation bit 2

Negative Radiance

Beyond Noise Level bit 3

PC Ecal on bit 4

PV Ecal on bit 5

SD Door Open bit 6

SD Screen Down bit 7

SRCA On bit 8

SDSM On bit 9

Outgassing bit 10

Instrument Standby bit 11

Mode

Linear Emissive bit 12

Calibration

DC Restore Change bit 13

BB/Cavity Temperature bit 14

Differential

BB Heater On bit 15

Remaining 16 bits bits 16 - 31

reserved for future use
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The Science Data Set attributes are partitioned according to resolution

Dimension SDS 250m

"Band_250M (Band_250M)" [NA | Band 250M = 2

Band 250M Attributes:
band names="1, 2"
radiance scales = x.f, x.f
radiance offsets = x.f, x.f

radiance _units = “Watts/m2/mmy/steradian’”
reflectance scales = x.f, x.f

reflectance _offsets = x.f, x.f

reflectance _units=*“1/steradian”
corrected_counts_scales = x.f, x.f
corrected_counts_offsets = x.f, x.f
corrected_counts_units = “counts’

Dimension SDS 500m

"Band_500M (Band_500M)" [ NA | Band_500M =5

Band 500M Attributes:

band names="3,4,5, 6, 7"
radiance_scales = x.f, x.f, x.f, x.f, x.f
radiance offsets = x.f, x.f, x.f, x.f, x.f

radiance _units = “Wattsm2/mmy/steradian’”
reflectance scales = x.f, x.f, x.f, x.f, x.f
reflectance _offsets = x.f, x.f, x.f, x.f, x.f
reflectance _units=*“1/steradian”
corrected_counts scales = x.f, x.f, x.f, x.f, x.f
corrected_counts offsets = x.f, x.f, x.f, x.f, x.f
corrected_counts_units = “counts’
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Dimension SDS 1000m |

"Band 1KM_RefSB (Band_1KM_RefSB)” [NA [Band 1KM_RefSB = 15
Band 1KM_RefSB Attributes:

band names="8, 9, 10, 11, 12, 13lo, 13hi, 14lo, 14hi, 15, 16, 17, 18, 19, 26"
radiance_scales = x.f, x.f, x.f, x.f, x.f, x.f, x.f, x.f, x.f, x.f, x.f, x.f, x.f, x.f, x.f
radiance_offsets x.f, x.f, x.f, x.f, x.f, x.f, x.f, x.f, x.f, x.f, x.f, x.f, x.f, x.f, x.f

radiance _units = “Watts/m2/mmy/steradian’”

reflectance scales = x.f, x.f, x.f, x.f, x.f, x.f, x.f, x.f, x.f, x.f, x.f, x.f, x.f, x.f, x.f

reflectance _offsets = x.f, x.f, x.f, x.f, x.f, x.f, x.f, x.f, x.f, x.f, x.f, x.f, x.f, x.f, x.f

reflectance _units=*“1/steradian”

corrected_counts scales = x.f, x.f, x.f, x.f, x.f, x.f, x.f, x.f, x.f, x.f, x.f, x.f, x.f, x.f, x.f

corrected_counts_offsets = x.f, x.f, x.f, x.f, x.f, x.f, x.f, x.f, x.f, x.f, x.f, x.f, x.f, x.f, x.f

corrected_counts_units = “counts’

“Band 1KM_ Emissve(Band 1KM_ Emissive)" NA | Band 1KM_Emissve= 16
Band_1KM_Emissve Attributes.

band _names = “20, 21, 22, 23, 24, 25, 27, 28, 29, 30, 31, 32, 33, 34, 35, 36"

radiance_scales = x.f, x.f, x.f, x.f, x.f, x.f, x.f, x.f, x.f, x.f, x.f, x.f, x.f, x.f, x.f, x.f

radiance_offsets = x.f, x.f, x.f, x.f, x.f, x.f, x.f, x.f, x.f, x.f, x.f, x.f, x.f, x.f, x.f, x.f

radiance _units = “Watts/m2/mmy/steradian’”
corrected_counts_scales = x.f, x.f, x.f, x.f, x.f, x.f, x.f, x.f, x.f, x.f, x.f, x.f, x.f, x.f, x.f, x.f

corrected_counts_offsets = x.f, x.f, x.f, x.f, x.f, x.f, x.f, x.f, x.f, x.f, x.f, x.f, x.f, x.f, x.f, x.f
corrected_counts_units = “counts’
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Instrument and Uncertainty SDS 250m

Unsigned
I nteger
(16 bits)

"EV_250 Aggr500 RefSB

16 bit scaled integer array of dimension
(Band_250M, 20* nscans, 2*EV_frames)

EV_250_Aggr500 RefSB Attributes:

long_name ="Earth View 250M Aggregate 500M Reflected Solar Bands Scaled Integers'

"EV_250 Aggr500 RefSB
_Uncert_Indexes"

Int8

8 bit integer array of dimension
(Band_250M,20* nscans, 2*EV_frames)

EV_250 Aggr500 RefSB _Uncert_Indexes Attributes:
long_name ="Earth View 250M Aggregate 500M Reflected Solar Bands Uncertainty

Indexes’
Instrument and Uncertainty SDS 500m
"EV_500 RefSB ™" Unsigned | 16 bit scaled integer array of dimension
Integer | (Band_500M, 20* nscans, 2*EV_frames)
(16 bits)

EV_500 RefSB Attributes:
long_name ="Earth View 500M Reflected So

lar Bands Scaled Integers’

"EV_500_RefSB_Uncert_ Int8

Indexes"

8 bit integer array of dimension (Band_500M,
20* nscans, 2*EV_frames)

EV_500 RefSB _Uncert_ Indexes Attributes:
long_name ="Earth View 500M Reflected So

lar Bands Uncertainty Indexes’

Instrument and Un

certainty SDS 1000m

"EV_1000 RefSB " Unsigned | 16 hit scaled integer array of dimension
Integer (Band_1KM_RefSB, 10* nscans, EV_frames)
(16 bits)

EV_1000_RefSB Attributes:
long_name ="Earth View 1K

M Reflected Solar Bands Scaled Integers’

"EV_1000 RefSB Uncert
Indexes"

Int8

8 bit integer array of dimension
(Band_1KM_RefSB, 10*nscans, EV_frames)

EV_ 1000 RefSB Uncert Indexes Attributes:
M Reflected Solar Bands Uncertainty Indexes’

long_name ="Earth View 1K

"EV_1000_Emissive™ Unsigned | 16 hit scaled integer array of dimension
Integer (Band_1KM_Emissive, 10* nscans,
(16 bits) | EV_frames))

EV_1000_Emissive Attributes:
long_name ="Earth View 1K

M Emissive Bands Scaled Integers’

"EV_1000_Emissive
_Uncert_ Indexes"

Int8

8 bit integer array of dimension
(Band_1KM_Emissive, 10* nscans,
EV_frames)

EV_ 1000 Emissive _Uncert Indexes Attributes:
long_name ="Earth View 1KM Emissive Bands Uncertainty Indexes’
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11. APPENDIX G: SPURIOUS RADIANCE CONTRIBUTION SOURCES SUMMARY
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Nominal
Scene

Cavity Emission
Sources|[L,..(T..)]

Earth
View

Earth Scene Sources

L ocene ren(Tocene)

1) Earth Aperture Surround
Emission scattered into
FOV.

Estimated to be nil from
Cavity Scatter model.

Scene
Scatter

2) MODI S fore-optics and aft-optics
will scatter radiances according to
scene contrast details. Near-Field
and Far-Field scatter are not
included in L1B algorithm

Cavity
Reflections

3) Potential spurious reflections
from cavity surfaces and scan
mirror

edges. Estimated to be nil.

Fold Mirror
Scatter

4) Fold Mirror scatter of Earth scene
viewed directly by the Fold Mirror.
Estimated to benil.

Space

View

1) Space View Surround ,
Emission scattered into
FOV.

Vaue esimationisin Ref

Cavity
Reflections

2) Potentia spurious reflections
from

cavity surfaces and scan mirror
edges.

Estimated to be nil.

Fold Mirror
Scatter

3) Fold Mirror scatter of Earth scene
viewed directly by the Fold Mirror.
Estimated to be nil.

Blackbody
View

1) Cavity emission scattered
via Scan Mirror into FOV.

2) Cavity emission reflected
viablackbody into FOV

BB
Reflections
of Scene

2) Two distinct BB specular
reflection

paths from two localized Earth
scene

regions (+33°; -58° from nadir),
and

whole scene reflection paths from
BB

teeth imperfection.

Cavity
Reflections

3) Potential spurious reflections
from

cavity surfaces and scan mirror
edges

Estimated to be nil.

Fold Mirror
Scatter

4) Fold Mirror scatter of Earth scene
viewed directly by the Fold Mirror.
Estimated to be nil.
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